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Introduction 


Thit book ff degned #4 compimion vohime to 4APG 
Maemo 27. As wah iti predecauor rolume, the purpose of 
This book ah to provide Bentified Cluttatians af importani 
Wari, Lextures. Cements, and poardsity types for geologists 
who may mot be specialists in the petrogrphy of andstones 
and agwaciated sedimentary rocks. 

Sardatone patrography is of particular |mterest to the ex- 
Aorationist for several reasons, First, it can provide valupble 
ntionmation on the deteiled coampodtion of sedimentary rocks. 
From chit, on can ohen draw scorch mons about the lithology, 
clemage, and tectonde history of the source epee, as welll as 
predicting the responce of geen unets to a warty Of gbaertace 
Giagenetic environments. Second, ane can acquire significanc 
Gata on the onaén size, sorteng, end rounding of sademertary 
grains, Fer lithified sediments thi may be the anly way to 
obtain such data, which may be usetul in determinations of 
the transport mechani and daposqional anvirarenera of 
the sediment. Third, information may be obtained on the aos- 
depositional aiterationm history of sedimentary rocks. This may 
Include date.an conmpection, cementation, leaching, fracturing. 
Pporadty tyes, and other factors, These ore cosontial for o 
proper urderdending of reserroir rocks and, com¢mnoaniy. 
petrograpay provides the onby technique for gathering accurate 
data on sch cisgenetic factars. 

This 00k f intended as an introductmn tor exploration 
geologists or students and is by no means a complete textbook 


or treaiee. However, + doa include @ wile wariety of color 
Photographsof ternigenous clastic grains, coments, and Pextuares 
of aandsions and common eccmaary rock types Although 
mist oF the ilbustrations are of features seen with the petro- 
DP anhic Mer osco oe, some scanning electron micrographs mre 
included, Tha Whieratorns were made from samples having as 
wote a racge of lithologies. geologic ages, and focalitias aa 
Pele fo ire oe feely represeniative oresermtatiog, Im aid: 
Ton, che photegraghs were goneralhy selectad to ah thes 
Mitel GOO grain and textural types encountered by the 
geobogie, and fo Brasent typecal, rather than mMectacular, 
ekampies ot most features. Thus, the book should have appolice- 
bility te any sandstone petrographic study, 

The satume focuses on the ceseriptive aqpects of petre- 
graphy and includes mo text other than figure captions, Beall 
ayrephies are orovkled im each section of the book, Poe neare 
detailed desrqoteve and interpret information, tha rmefcrancon 
ligted in both the general and soecific bibliographies should he 
monsuljad, 

The major emphasis of this book is on the four mapar taberic 
ements of sandeones: frarmevork grains; detrital fine-grained 
Matiz: cements: and pore soace. The doméamant trammeork 
grains of most sendstomes ara quartz, feldspers, and rock 
fragment: and these are @lustrated in detail, Accespory 
meimeresis, such 2: calcite, mica, glaucomine, zircon, magneto, 
ar organic carbon, are present ni most rocks and oocaszonadly 
ara gignificant reck-lorming elements. These mirersta are 
oan in the section antived "Other detrital grains.” Detrital 
matrix minerals of gindsones and shales are inchided in a 
separate section, Framework and matrix grain types can be 
disinguaned madity with the petrographic microsonpe, 
apocaky when supplemented with eaining, scanning elecrren 
microscopy (SEM), X-ray diffraction, and cathodoium: 
rece (discuiaed if a section entitled “Techniques ), 

The proper khentitication of freitework grains is the key to 
the cagaticgton of sardstones. Examples are provided of the 
major sandetoe tyoes a2 een in thin s=ction, and drief gum- 
mares ara given of the major classification schames. li ls ‘beat 
to OUT The ariginel reference, however, before using any 
Partstular efap betaice: of the complexity of most clad ica 
tions, bn addition, ditterent authors have different definitions 
of the major compodlionel end members. For example, some 
Butheors inciade chert with the quartz group while others 
Palace chert ath he rock fragimarita. 


Aiock textures, particularly grain size, shape, sorting, and 
Oreniation, ane commonty described from chin sectian, 
eipecally when rocks ara eiromgly iidurated, Savera! examples 
are shown that cower the spectrucn from texturally immature 
ta texturally mate cocks. Charts are provided for the estima: 
Ton of degree of sorting and the description of grain shapes 


Information about the cementation of sandstones iz perhaps 
che mee comples. pet potentially valuable, data that can be 
colkected from thin sectaon analysis. This book illustrates the 
mas common cement types im sandstones a3 well a5 some 
HOMER sequence of multiple generations of cament tonne 
tion. In addition, other diagenetic fabrics wach as replecermant, 
dissolution, compaction, amd grain datormation ara shown, a4 
are both primary and secondary MOET y Tepes 

The information that can be gasned froen the types of 
analyaes Mluetrated in this book can be extramety valuable in 
Lindentandeang hwdrocarbon resernoir rocks. Such oetrograghic 
studies arc best undertaken in conmoctionn with well-log amaly- 
i, Bhmic interpretation, raqegr! geologic aynthesis. and 
otter techitque. Wien goplied by the exploration peologe 
within this larger frame of referaece, the rogult can be re- 
macketly veatul, And in the contest of overell hydrocarbon 
exploration costs. the thme aod expense of quch studies are 
rmirinal 

Despite the fact that sandstone petrography 4 a complex 
and varied qubject, it mn hoped that, using this color péyeto: 
graghic quide, even inmvestaaiors wath fittle tornmal perrographic 
training will be gole to exanvine thin gacthene uncer the macro- 
FOO! and inferprec the mae rock Gonmituents and thew cia- 
genetic History, froin Pepe that drug vedere will iaath seni: 
late eet facilitate petrographic studies of saueurfece are 
BUG P writs. 


Explanation of Captions 


Esch pheatijraph in thi manual fae 2 descargar in 
standard format The first feo line: give the stratigraphic uns, 
Gepth ttor sudsurtace sumoless, and state of country of origin. 
Litholige unit names shown m full quotation marks are 
informal desgmations; names shown in simple quotation marks 
ane ones mor recognized by the USGS. Tha krealiny data are 
Enliowed by a desaription of the photograph, The last tine of 
the caption defines ghe type of lighting used and the scala of 
ther photograph. The folicweng code te used for lighting: 


2M —tcrossed nicols (craaeed polarizers} 
PAN —partly qosed nicole 

AR —retected light 

ATL —retiected and trensmitrad light 
Cl —cathodatuminescence 

SEM —icancing elesiran microscopy 
TEM —tracnminsien electron microsoo py. 


The aheaance of any semiel indicates that transmitted fight 
with umerosed polarizers wei used, All scales ere gevern as a 
ort number ot nvillimeaters for micrometers, gm, for 
ianinng chron micregrapisl equivalent i a uneorm 
lenge 0126 em or 2.5 in} for all photographs. Thus, a figure 
of 0.38 mom indicates that-a length of 126 em on the printed 
Petvre it eoudlent to OIE mm on the oragimal soecimer, 
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35 mm Slide Set 


A set of 100 selected photographs from hilt book are 
available an the format of 36 mm shides. The set is designed to 
aid insiructors who might use the text for teachong purmows. 
Pootagraghs included on the slide aa are dicated by a o* 
Ret bo the scale in the photograph cescription, The alia set 
cen be oriéred fram AAPG, PO. Box 979, Tulsa, OR T4100: 
cae ‘$128.00 Iprice subject to change without mote). A 
simmifar set of aides for carbonate rock keyed to AAPG Memory 
27 “A Color WWhuewated Guide to Carbonate Aock Consdi- 
hueats, Testwres, Qemenis and Porosities ls ales availatila dest 
StZE00 from AAPG. 


Grain Size Scales 
for Sediments 


The gece wale most commonly used for sedenenta i ihe Went- 
marth acale factually Poa precet by Liiden), sdreath = 9 lesan i) eee 
fale in ihe ee Pee Ge be ae Repeats The ee odes peas 
leet Pier eee citi werk. seid hee been Gennise rues bed ae ifrhoedls 


iF arecl 17 . 


The @& Oph) ecate, dew ied iy Reuben, if rue mere cee ries 
wey Gl presen date Pen i ihe Wes 2 Be i erties, 
20H Weed Gls PT ee, 


i) Seeaniecd MA fer icin Pas al 
Siw diesh 2 fur! 
aS ‘2 
Vs 10 
Lise 2m —— | 
wire ——$——_——- §4 ——_____ a 
Lig bami TIL 14 oo 
4s a -al 
a 35 - VS 
7 7.83 . 15 
B 2 - 128 
— 1 30K) - 140 
12 1 > O78 
14 1.41 05 
if 1.49 O.25 
—- 14 1 0.0 
20 o.58 0.25 
26 O,r4 0.5 
ao 83 D.78 
—35 ize —is0 BO 14 
40 o.a2 470 1.25 
afi a] 362 1.6 
50 o.30 a0 1.75 
— 60 Tai — 0.25 760) 2.0 
ro a.2710 20 2.25 
Sa pe ees a 26 
Loo Oo. 14g 2.75 
1s —— TE — 0.125 - ee. SS 
130 105 Ics 4.95 
17a 6 ees Ge 2.5 
20 gare 74 3.75 
—Z30 16 — 08s Ba5 — 4.0 
oo 03 53 4-25 
S75 ooes 4a a5 
fos Bot wi £75 
$$ — er 6.0 
Sura prac 1a Dos at Dt =] 16.4 6.0 
ize eo ra: | TA 
by 1768 — 0.00Rg 15 24 
Pawtie 60a a. oo 
0 Scere Con 10 
or o.oo nag 114 
fader erst | o.24 124 
Sve 6 Soc 012 140 
i eta 1. ONG Tao 


Werw bere mle 


Pew ts Soe flee 


Bigaghe) ee 8 tae «fs 
Cobble bo Bel 


ll! 
Lid 
Palrtiie (<2 in -Gerl = 
© 


Girares be 


Dor gor oe ooo tee faa rec 
Coerw sane 
Co 
Mid hunni ee rect L£. 
<i 
iy 
Fine peat 


Wery Pare sated 


‘Cereee gill 


oe nar Et 
Fine wilt 


MUD 


Tay 


From Fob, Tse 


Grain 
Scales: cont. 


Comparison Chart For Visual Percentage 
Estimation (After Terry and Chilingar, 19545). 
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Detrital 
Grains 


Quartz 


Upper Cambrian Gatesburg Fm. * 
Pennsylvania 


Quartz, seen here, is the dominant frame- 
work grain of most sandstones and _ is 
recognized primarily by its low birefrin- 
gence, lack of cleavage and twinning, low 
positive relief, and uniaxial positive inter- 
ference figure. Many quartz types have 
been defined, based mainly on the number 
of subcrystals in the grain and their extinc- 
tion behavior when the stage is rotated 
under crossed polarizers. Some of these 
quartz types may be related to specific 
source rocks. 


XN 0.15 mm 


Pleistocene Yellowstone Group (tuft) 
Wyoming 


A single-crystal, inclusion-poor, uniform or 
straight-extinction quartz grain with well 
developed crystal outlines surrounded by a 
dark matrix of fused glass shards with 
pronounced flow texture. Straight-extine- 
tion grains extinguish completely uniform- 
ly when the stage is rotated (less than 1 
degree of undulosity). The combination of 
well developed crystal outlines and straight 
extinction is common in quartz of volcanic 
origin. 


0.27 mm 


Pleistocene Yellowstone Group (tuff) * 
Wyoming 


Detail of volcanic quartz crystal. This grain 
has straight extinction, a euhedral outline, 
and a large “negative crystal’’ or vacuole. 
The vacuole has the same crystallographic 
orientation as the complete quartz grain, 
hence the term “negative crystal’’. This 
feature is common but not ubiquitous in 
quartz of volcanic origin. 


XN 0.24 mm 


Pleistocene Yellowstone Group (tuff} 
Wyoming 


A volcanic (8) quartz grain with euhedral, 
bipyramidal outline. Euhedral shape, em- 
bayments, straight extinction, and scarcity 
of inclusions are all indicative of an extru- 
sive igneous source, but none, by itself, is 
conclusive evidence, 


XN 0.38 mm 


Precambrian Liano Series igranite) 
Texas 


A nondetrita! quartz grain (in a nonsedi- 
mentary “source” rock} showing rounded 
outline and embayment. Thus, not all 
original grains are angular, and embayment 
is not restricted to volcanic quartz. Quartz 
crystal (photo center) is surrounded by 
plagioclase feldspar. 


XN 0.24 mm 


Tertiary ‘Vieja Group’ 
Texas 


A quartz grain of voicanic origin. Grain 
shows a zone of inclusions near its outer 
margins and a second zone with fewer 
inclusions at the outside of the grain. This 
zonation, similar in appearance to abraded 
authigenic quartz overgrowths, is a com- 
mon feature in grains from volcanic 
sources. 


XN 0.15 mm 


Lower Permian Brushy Canyon Fm. * 
Texas 


An authigenic overgrowth on a detrital 
quartz grain. The well rounded nucleus is 
outlined by a thin layer of inclusions 
{probably clay and iron oxides) on its 
surface. The authigenic overgrowth shows 
euhedral crystal shape where fully devel- 
oped, Such euhedra! outlines produced by 
overgrowth must be carefully distinguished 
from volcanic quartz zonation. 


XN 0.06 mm 


Tertiary Horse Springs Fm, 
Nevada 


Abundant volcanic glass shards composed 
of opalline silica are seen here in a largely 
unaltered and undeformed state. Because 
opal is an unstable mineral under near 
surface conditions, such shards are fre- 
quently devitrified, replaced, or dissolved 
entirely. However, when preserved, they 
are excellent indicators of a volcanic 
provenance. Further examples are shown 
in the section on ‘Associated sediments”. 


0.10 mm 


Tertiary “Vieja Group’ 
Texas 


A single-crystal, straight extinction, detrital 
quartz grain (“common quartz” or “norma! 
igneous quartz” of Krynine, 1940). Grain 
extinguishes completely under crossed 
polarizers with less than 1 degree of stage 
rotation. Such quartz is supplied by many 
types of source rocks, and may be selective- 
ly concentrated during weathering and 
transportation. 


XN 0.08 mm 


Upper Cambrian Gatesburg Fm. 
Pennsylvania 


Large grain in center is a single-crystal, 
slightly undulose quartz grain (‘end phase“ 
or “igneous” quartz of Krynine, 1940 and 
1946). Grain extinguishes completely with 
between 1 and 5 degrees of stage rotation. 
Such extinction behavior is best studied 
using a universal stage but can be done 
with less accuracy on a flat stage. Slightly 
undulose quartz can be derived from most 
types of source terrains. 


XN 0.15 mm 


Middle Silurian Clinton Fin. * 
Virginia 


A single-crystal quartz grain with strongly 
undulose extinction. Grain extinguishes 
completely with more than 5 degrees of 
stage rotation. Such grains may be more 
abundant in strained source rocks (especial- 
ly metamorphics), but evidence is still 
incomplete. 


XN 0.06 mm 


Upper Triassic New Haven Arkose 
Connecticut 


A semicomposite quartz grain with slightly 
undulose extinction. Grain consists of a 
number of separate quartz crystals with 
very closely aligned optic c-axes. Such 
grains are common in hydrothermal veins 
but also occur in many other metamorphic 
and plutonic rock types. 


XN 0.15 mm 


Upper Triassic New Haven Arkose * 
Connecticut 


A detrital grain of composite or poly- 
crystalline quartz (the “recrystallized meta- 
morphic” quartz type of Krynine, 1940). 
C-axes of individual subcrystals show con- 
siderable variation in orientation; crystal 
boundaries are straight and crystal shapes 
are somewhat elongate. This grain is 
probably of high grade metamorphic 
origin. Many sandstone classifications 
would include this as a quartz grain but 
some would class this as a rock fragment. 


XN 0.15 mm 


Ordovician(?) kyanite schist 
Connecticut 


Composite or polycrystalline quartz in a 
high grade metamorphic source rock. Note 
relatively straight boundaries between 
equant grains, as well as straight to slightly 
undulose extinction. This quartz type is a 
fairly good indicator of a metamorphic 
source when 10 or more subcrystals are 
present in a detrital grain. 


XN 0.38 mm 


Precambrian ‘‘Adirondack gneiss” 
New York 


Polycrystalline or composite quartz in a 
high grade metamorphic source rock. Note 
irregular, crennulate boundaries between 
strongly elongate grains (equivalent to 
Krynine’s “schistose’’ or ‘‘pressure’’ 
quartz), The presence of 10 or more indi- 
vidual crystals in a single detrital grain, is 
an excellent indicator of a metamorphic 
source. 


XN 0.24 mm 


Jurassic Curtis Fm, 
Utah 


A complex detrital quartz grain. Although 
this is a composite quartz, the component 
crystals are themselves semicomposite. The 
crystals also have sutured contacts, a pre- 
ferred crystallographic fabric, and only 
slight elongation. This grain is probably 
derived from a metamorphic terrain. 


XN 0.27 mm 


Upper Cretaceous Kogosukruk Tongue of 
Prince Creek Fm. * 
Alaska 


Detrital chert fragments are seen as 
speckled grains composed of microcrystal- 
line quartz. These grains are derived from a 
sedimentary source. Chert is either classed 
as a Quartz type or as a sedimentary rock 
fragment depending on which sandstone 
classification is used. Chert is discussed 
more fully in the section on ‘Associated 
sediments.” 


XN 0.15 mm 


Middle Ordovician Lander Ss. Mbr-. of 
Bighorn Dolomite 
Wyoming 


Quartz crystals with few inclusions of 
either vacuole or microlite variety. This is 
the most common type of quartz and is 
found in nearly all source rocks. The 
unusually high birefringence colors of 
quartz in this photo are due to the fact 
that the thin section is approximately 5 ym 
thicker than the standard 30 ym. 


XN 0.10 mm 


Devonian(?) gneiss 
Massachusetts 


A quartz grain with a large epidote micro- 
lite (mineral inclusion) and semicomposite 
extinction. Such mineral inclusions may be 
useful both for correlation purposes and 
for interpretation of source area composi- 
tion. 


XN 0.38 mm 


Camobrian(?) Harrison Summit Quartzite 
Idaho 


Quartz grains with several muscovite micro 
lites and slightly undulose extinction. 
Because muscovite can occur in a wide 
range of source rocks, these particular 
inclusions have relatively little provenance 
significance. However, such inclusions can 
still be useful as stratigraphic markers in 
correlation. 


XN 0.06 mm 


Paleozoic andaiusite schist * 
New Hampshire 


Quartz grains with abundant needle-shaped 
mineral inclusions. The inclusions in this 
case are sillimanite, but actinolite, tremo- 
lite, rutile, and other minerals can also be 
found as needle-like inclusions in quartz. 
Detrital quartz grains with sillimanite 
inclusions are excellent evidence for a 
metamorphic source area. 


XN 0.06 mm 


Lower Pennsylvanian Sharon Mbr. of 
Pottsville Fm. 
Ohio 


A detrital quartz grain with numerous very 
small vacuoles and needle-shaped mineral 
inclusions. Needles here are mainly rutile. 
The quartz grain has some overgrowths 
which are much poorer in inclusions, and 
is surrounded by a later hematite cement. 


XN 0.08 mm 


Cretaceous Travis Peak Fm. * 
Texas 


A quartz crystal with very abundant 
vacuoles (probably liquid filled) and semi- 
composite extinction (Krynine’s “hydro- 
thermal” quartz). Such vacuole-rich quartz 
does appear to be most commonly derived 
from hydrothermal-vein sources. 


XN 0.24 mm 


Lower Cretaceous Patula Arkose ™ 
Mexico 


A detrital quartz grain with warped, sub- 
parallel lines of very small bubbles which 
have been termed Boehm lamellae. They 
are the product of intense strain deforma- 
tion of quartz grains. One must be careful 
to distinguish between detrital strained 
grains and jn situ deformation. Boehm 
lamellae can also be confused with some 
types of feldspar twinning. 


XN 0.24 mm 


Devonian Cairn Fm. 
Canada (Alberta) 


Authigenic quartz crystals in a limestone. 
‘These crystals form by replacement, 
usually of carbonate rocks. A detrital 
nucleus is commonly present in the crystal 
centers, and these nuclei, in combination 
with abundant carbonate inclusions and 
euhedral crystal outlines, are used to 
identify authigenic sedimentary quartz. 


XN 0.22 mm 


Devonian Cairn Fm. 
Canada (Alberta) 


Detail of an authigenic quartz crystal re- 
placement of limestone matrix. Note 
abundance of carbonate inclusions (as 
well as calcite crystals which are partly 
overlapping atop the quartz). Authigenic 
replacement quartz almost always contains 
inclusions of the original host sediment. 


XN 0.05 mm 


Holocene grus on Mesozoic granite 
California 


Quartz grains, as seen here, are normally 
recognizable in the scanning electron 
microscope on the basis of their conchoidal 
fracture and lack of cleavage. Photo by 
D. E. Hoyt. 


SEM 500 pum 


Quaternary grus on Precambrian 
Packsaddle Schist 
Texas 


Quartz grains have a wide variety of surface 
textures which can be seen at high magnifi- 
cation, particularly in SEM. V-shaped 
indentations are seen in this example. 
Various features have been interpreted as 
being indicative of particular source rocks, 
transport processes, depositional environ- 
ments, or diagenetic settings. Photo by 
D. E. Hoyt. 


SEM 0.7 um 


Upper Permian Bell Canyon Fm. 
Texas 1,388 m (4,580 ft) 


Quartz which has formed diagenetic over- 
growths is also readily recognizable in 
SEM. The overgrowths here have smooth, 
partially interlocking crystal faces. In this 
example, quartz overgrowths and chlorite 
cement are intergrown. Photo by C. R. 
Williamson. 


SEM 10 um 
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Feldspars 


Ordovician Newtown Gneiss * 
Connecticut 


Complex twinning in a plagioclase feldspar 
grain. Exact types of twinning are best 
determined on a universal stage, but albite, 
carlsbad, and pericline twins are probably 
present here. Twin types can sometimes 
indicate source area. Pink tint in grains 
resulted from staining for plagioclase. 


XN 0.38 mm 


Tertiary Horse Spring Fm. * 
Nevada 


Plagioclase feldspars (unstained) in a vol- 
canic sandstone. Note euhedral crystal 
outlines, well-defined crystal zoning 
(growth-composition lines) and the albite 
twinning. All these features, taken together, 
are indicative of volcanic plagioclase. 


XN 0.38 mm 


Ordovician Newtown Gneiss * 
Connecticut 


A complex plagioclase grain. Core and 
outer rim are clearly of different composi- 
tions. Twinning extends throughout grain, 
but core shows considerable alteration 
(mainly vacuolization and sericitization) 
while rim is largely unaltered. Illustrates 
that alteration can take place in source 
rocks and is highly composition depen- 
dent. 


XN 0.10 mm 


Ordovician Newtown Gneiss * 
Connecticut 


Microcline feldspar with typical microcline 
grid twinning. Although such twinning is 
characteristic of most triclinic alkali 
feldspars, it is most commonly shown by 
microcline. Some small inclusions of 
plagioclase with albite twinning are pres- 
ent here. 


XN 0.24 mm 


Precambrian Hitchcock Lake Mbr. of 
Waterbury Gneiss 
Connecticut 


Yellowish grain in center ts a microcline 
feldspar with spindle twinning—the irregu- 
lar lamellar twins can often be used to 
distinguish microcline. Yellow color is a 
stain for K-spar. The brown, elongate grain 
directly to the left of the microcline is 
biotite. 


XN 0.30 mm 


Tertiary intrusive * 
Nevada 


Sanidine, a potassium feldspar, is shown 
here with no twinning but stained yellow 
using a sodium cobaltinitrite solution. 
Staining is often the fastest and most 
reliable method of identifying untwinned 
feldspars. Matrix in this sample is volcanic 
glass with a pronounced flow texture. 


0.28 mm 


Pennsylvanian-Permian Sangre de Cristo 
Fm. * 
New Mexico 


Untwinned orthoclase. Many feldspars, of 
all types, are untwinned and, when un- 
stained, can be distinguished only by such 
features as alteration (seen here), cleavage, 
fracture, relief, or optic figures. The 
alteration seen here is coarser, more exten- 
sive, and more regularly oriented than in 
quartz grains. Orthoclase is characterized 
by two cleavages, low relief (below quartz), 
and a biaxial negative figure (2V of 60 to 
85°). Orthoclase may show Carlsbad twin- 
ning. 


XN 0.08 mm 


Lower Cretaceous Patula Arkose 
Mexico 


The plagioclase feldspars in this example 
can be readily distinguished from quartz 
because of the darker appearance of the 
feldspars caused by secondary vacuoliza- 
tion and sericitization. It is difficult but 
important to distinguish detrital altered 
grains from those which have decayed 
in situ. 


0.30 mm 


Lower Cretaceous Patula Arkose 
Mexico 


Same as previous photo but with crossed 
polarizers. High birefringence and speckled, 
micaceous texture indicate alteration is 
mainly  sericitization. Note that some 
feldspars are altered whereas others are 
largely unaffected. This may reflect com- 
positional differences which yield different 
susceptibilities to alteration, or it may 
indicate that the alteration took place in 
the source area where only some grains 
were affected. 


XN 0.30 mm 


Upper Cretaceous Kogosukruk Tongue of 
Prince Creek Fm. 
Alaska 


Grain in center is an altered feldspar 
(probably an orthoclase). Alteration is 
primarily by vacuolization. The altered 
part of the grain is, however, surrounded 
by an unaltered overgrowth. Possibly the 
grain was altered in the source area and was 
overgrown in situ. Other grains include 
chert, quartz, and plagioclase. 


XN 0.12 mm 


Pennsyivanian-Permian Sangre de Cristo 
Fm..* 
New Mexico 


A plagioclase feldspar largely replaced by 
calcite. To accurately determine the 
primary composition of sandstones it is 
often necessary to recognize feldspars in 
very advanced stages of destruction. Calcite 
replacement is one very common form of 
diagenetic alteration. 


XN 0.08 mm 


Devonian Olid Red Ss. 
Northern Ireland 


A plagioclase feldspar with multiple types 
of alteration. This grain has been partly 
replaced by clay minerals as well as calcite. 
it also has large etched voids which were 
filled with clayey matrix through infiltra- 


tion or precipitation. 


XN 0.10 mm 


Upper Cretaceous Kogosukruk Tongue of 
Prince Creek Fm. * 
Alaska 


Feldspars commonly undergo leaching in 
subsurface environments. This example 
shows a relatively early stage in which 
there has been only partial removal of the 
interior zones of the feldspar. Note the 
strong control of dissolution patterns along 
prefered crystallographic directions within 
the mineral. Green color in photograph is 
stained mounting material. 


0.06 mm 


Oligocene Frio Fm. 
Texas 920 m (3,017 ft) 


An example of virtually complete subsur- 
face dissolution of a detrital feldspar. 
Traces of clays and other impurities mark 
former crystallographic planes of the feld- 
spar as well as coating the exterior of the 
leached grain. This type of dissolution is 
common in feldspars within overpressured 
strata of the Gulf Coast. Commonly the 
dissolution is really a removal of calcite 
which replaced the feldspars. Blue color is 
stained impregnating and mounting materi- 
al. Photo by R. G. Loucks, 


0.07 mm 


Triassic Shinarump Mbr. of Chinle Fm. 
Utah 


Grain in center of photo is a feldspar which 
is clearly differentiable from the surround- 
ing quartz grains on the basis of cleavage 
and inclusions. Note the strong orienta- 
tion of fractures in the feldspar grain as 
opposed to the quartz. Porosity is stained 
pale green in this section. 


0.24 mm 


Cambrian(?) Harrison Summit Quartzite 
Idaho 


An untwinned feldspar (with a slight pink 
stain for plagioclase), surrounded by 
quartz grains. Note the slight relief differ- 
ence between the two minerals as outlined 
by Becke lines. This can be used for 
identification of untwinned, unstained 
feldspars where they are in direct contact 
with quartz. 


0.06 mm 


Cambrian{?) Harrison Summit Quartzite 
Idaho 


Same as previous photo but with crossed 
polarizers. Illustrates the absence of 
twinning in this grain and the lack of 
significant birefringence differences be- 
tween the feldspar and surrounding quartz 
crystals. 


XN 0.06 mm 


Upper Cretaceous Frontier Fm. 
Wyoming 


A K-feldspar as seen in SEM. Feldspars are 
generally identifiable in SEM view because 
of their well developed cleavages, as seen 
here. 


SEM 5 um 


Upper Permian Bell Canyon Fm. 
Texas 1,390 m (4,560 ft) 


Feldspars which have undergone partial 
dissolution are also readily recognizable in 
SEM. In this example, the grain has been 
deeply etched along preferred crystallo- 
graphic planes; some subsequent authi- 
genic feldspar growth may also have taken 
place. Photo by C. R. Williamson. 


SEM 8 um 


Upper Cretaceous Monte Antola Fm. 
Italy 


Feldspars can form as authigenic crystals 
in clastic terrigenous and calcareous 
sediments. In this case, albite is replacing a 
limestone matrix. Note crystal outlines, 
twinning, and abundance of inclusions. 


XN 0.06 mm 


Upper Cretaceous Kogosukruk Tongue of 
Prince Creek Fm. 
Alaska 


Feldspars with extensive authigenic over- 
growths are seen here. These are untwinned 
K-feldspars with well developed _inter- 
locking overgrowths which could be 
mistaken for quartz overgrowths without 
careful observation. Porosity is stained 
with green epoxy. 


0.15 mm 


Miocene ‘Hayner Ranch Fm.’ 
New Mexico 


Small authigenic K-feldspar crystals are 
present here in association with a detrital 
feldspar which has been etched and then 
authigenically overgrown. Photo by C. W. 
Keighin, courtesy of T. R. Walker. 


SEM 10 um 
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Rock 
Fragments 


Triassic Chinle Fm. * 
Arizona 


Sedimentary rock fragments (SRF’s)—shale 
clasts. Shale fragments are difficult to dis- 
tinguish from low rank metamorphic rock 
fragments, especially slates. SRF’s are 
generally softer and thus more likely to be 
deformed or embayed by adjacent harder 
grains, as seen in this example. Individual 
clay crystal orientation within this rock 
fragment is poor, also favoring an SRF 
interpretation. 


0.10 mm 


Triassic Chinle Fm. * 
Arizona 


Same as previous view but with crossed 
polarizers. Note poor orientation and high 
birefringence of clay minerals within SRF. 
These features indicate that the grain is 
probably an illitic shale clast. 


XN 0.10 mm 


Jurassic Salt Wash Mbr. of Morrison Fm. * 
Colorado 


Dark brown grain is a detrital clast of shale 
or claystone; a SRF. The extremely finely 
crystalline nature of the constituent clay 
minerals and the association within the 
rock with other types of SRF‘s (not shown 
here) help to distinguish the sedimentary 
origin of this clast. Note dark-brown rims 
of authigenic-clay cement in this sample. 


0.10 mm 


- ee 


Mea 


Cretaceous Travis Peak Cg]. 
Texas 


Sedimentary rock fragment—chert. Note 
the very uniform microcrystalline quartz 
with no visible relict texture. Grain is sur- 
rounded by carbonate matrix and cement.. 
Chert derived from sedimentary sources 
can be mistaken for very finely crystalline 
volcanic rock fragments or clay clasts if 
not carefully examined. 


XN 0.10 mm 


Cretaceous Travis Peak Cgl. * 
Texas 


A detrital chert fragment (SRF) with a 
combination of microquartz and mega- 
quartz. Although most modern sandstone 
classifications consider detrital chert as a 
rock fragment, some include it with 
quartz. More detailed descriptions of chert 
types are provided in the section on 
“Associated sediments’’. 


XN 0.10 mm 


Jurassic Curtis Fm. 
Utah 


A detrital chalcedony fragment (SRF). 
Chalcedony is a microscopically fibrous 
form of quartz common as a void filling 
or replacement fabric in sedimentary rocks. 
Here the chalcedony is surrounded by 
carbonate cement crystals. As with cherts, 
a wide variety of chalcedonic textures 
can be found. 


XN 0.27 mm 


Permian Abo Ss. 
New Mexico 


Carbonate rock fragments (SRF’s) with a 
hematite-stained matrix. Polymict calcitic 
fragments, some with recrystallized fossil 
fragments, are visible in this rock which 
would be classed as a calclithite (Folk, 
1968). Calcitic SRF‘’s weather and abrade 
readily and thus are found in abundance 
only in extremely arid settings or along 
fault scarps in fanglomeratic deposits 
which have undergone only short trans- 
port. 


XN 0.27 mm 


Triassic Dockum Gp. * 
Texas 


Abundant carbonate rock fragments. These 
grains are less varied in composition and 
texture than those in the previous example. 
The uniformity of composition and lack of 
fossil fragments make it likely that this 
rock is a reworked caliche (a calcium 
carbonate-rich soil crust). 


XN 0.38 mm 


Cretaceous Rieselberger Ss. 
Germany 


A detrital dolomite fragment (SRF). Note 
the rhombic shape of constituent crystals 
as well as their pronounced zoning with 
cloudy centers and clear rims. These are 
good criteria for the recognition of dolo- 
mite although many dolomites do not 
show either characteristic. Staining is the 
most reliable technique for identification 
of detrital or authigenic dolomite. 


XN 0.22 mm 


Cretaceous Corwin Fm. 
Alaska 


Sedimentary rock fragments—dolomite, 
limestone, and chert clasts. A large dolo- 
mitic rock fragment can be seen in upper 
left; other single dolomite rhombs are also 
detrital, although this is commonly difficult 
to prove. Detrital chert fragments and 
quartz grains are present throughout 
sample, This material is clearly derived 
from a sedimentary source, 


XN 0.15 mm 


Cretaceous Corwin Fm. 
Alaska 


Abundant isolated dolomite rhombs of 
probable detrital origin (same rock as 
previous photo). Lack of replacement 
relations, rounded corners, consistent 
equivalence of sediment-grain size and 
dolomite-crystal size, and presence of 
associated polycrystalline dolomite rock 
clasts all can be used as evidence of a 
detrital origin of dolomite. 


XN 0.12 mm 


Silurian Rose Hill Fm. * 
Virginia 


A detrital siltstone clast (SRF). Siltstone 
and sandstone clasts are relatively scarce 
because both rock types tend to break 
down completely into their component 
grains. This example shows angular quartz 
silt grains embedded in a phosphatic 
matrix. Rock is hematite cemented. 
Although they are good indicators of a 
sedimentary source, sandstone and silt- 
stone fragments rarely survive extensive 
transport. 


0.30 mm 


Cretaceous Tuktu Fm. 
Alaska 


A low-rank metamorphic rock fragment 
(MRF) which has been deformed during 
compaction. The grain in center is most 
probably a micaceous phyllite or schist 
fragment. Note the very coarse constitu- 
ent-crystal size (far larger than normal clay 
size) and the strong crystal orientation. A 
number of similar, smaller MRF’s also can 
be seen in this photo. 


0.10 mm 


Cretaceous Tuktu Fm. 
Alaska 


Same as previous view but with crossed 
polarizers. Shows the moderately high 
birefringence of the micas which make 
up this low-rank metamorphic rock frag- 
ment. 


XN 0.10 mm 


Carboniferous Sulzbacher Sch. 
Germany 


A rock composed almost entirely of meta- 
morphic rock fragments. Elongate grain in 
center of field is a slate fragment or very 
low grade MRF. Other grains are from 
higher rank metamorphic rocks—schists, 
gneisses, and metaquartzites. Note orienta- 
tion of component crystals parallel to long 
axis of slate fragment. 


XN 0.27 mm 


Cretaceous Fortress Mountain Fm. 
Alaska 


A high rank metamorphic rock fragment. 
Large grain in center shows composite, 
highly “stretched” quartz on the right and 
a vein of more equant, coarser quartz on 
the left. Although this grain is of meta- 
morphic origin, it is surrounded by numer- 
ous detrital dolomite rhombs and rock 
fragments. This indicates a mixed meta- 
morphic-sedimentary source area. 


XN 0.15 mm 


Oligocene Tongriano Fm. 
Italy 


A large grain of definite metamorphic 
origin. Consists of numerous, elongate, 
crenulate quartz crystals welded together. 
Most probably this is a fragment of a 
sheared metaquartzite. 


XN 0.30 mm 


Triassic New Red Ss. * 
Northern Ireland 


A detrital schist fragment (MRF). This 
grain consists almost entirely of muscovite 
crystals indicating that this metamorphic 
rock fragment was cut almost exactly 
parallel to schistosity along a micaceous 
layer. 


XN 0,22 mm 


Paleozoic andalusite schist 
New Hampshire 


This example shows a schistose texture 
commonly seen in high-rank metamorphic 
rock fragments. Elongate quartz grains are 
separated by thin mica plates. Detrital 
fragments of such rock types are normally 
quite soft and rarely survive extensive 
transport; however, when such fragments 
are found, they are excellent indicators of 
a metamorphic source. 


XN 0.38 mm 


Upper Triassic New Haven Arkose 
Connecticut 


A detrital grain of composite or polycrys- 
talline quartz of metamorphic origin. 
Because this grain consists entirely of 
quartz it is grouped with other quartz 
grains in many sandstone classifications. 
However, the nature of the quartz indicates 
a metamorphic origin and, in conjunction 
with other MRF’s, it can be used to inter- 
pret source-area composition. 


XN 0.145 mm 


Cretaceous Torok Fm. 
Alaska 


An igneous rock fragment. This rounded, 
detrital grain contains quartz, feldspar, and 
other minerals. It is difficult to distinguish 
between an igneous or a metamorphic 
origin, but the coarse, equant crystals tend 
to favor an igneous {intrusive) origin. 


XN 0.38 mm 


Cretaceous Torok Fm. 
Alaska 


A probable igneous rock fragment. This 
grain could also have a high-rank meta- 
morphic origin. Fragments of intrusive 
igneous rocks are generally difficult to 
distinguish from high-rank metamorphic 
rock fragments such as gneiss. Distinction 
must be made on the basis of recognizable 
textures if present; this is especially diffi- 
cult in fine grained sediments. 


0.38 mm 


Cretaceous Torok Fm. 
Alaska 


Same as previous view but with crossed 
polarizers. Shows large quartz and feld- 
spar crystals within the detrital rock frag- 
ment. The large variation in crystal sizes 
may favor an igneous rather than a meta- 
morphic origin. 


XN 0.38 mm 


Cretaceous Iidefonso Fm. * 
Puerto Rico 


Volcanic rock fragments (VRF’s). The 
large grain in upper center shows laths of 
plagioclase set in a very finely crystalline 
matrix. The other dark grains are also 
VRF‘’s but are much more difficult to 
identify because of the lack of pheno- 
crysts. Such VRF‘s must be carefully 
distinguished from detrital chert or clay 
clasts. The cement in this example is 
calcite. 


XN 0.30 mm 


Cretaceous Shumagin Fm, * 
Alaska 


Volcanic rock fragments. Small laths of 
plagioclase feldspar and a very finely crys- 
talline matrix make up most of these grains 
which are derived from basic, island-arc 
voleanic source areas. The small feldspar 
crystals are the main feature used to 
distinguish these grains from chert or clay 
fragments. 


0.30 mm 


Cretaceous Shumagin Fm. * 
Alaska 


Same as previous view but with crossed 
polarizers. The VRF’s consist of felted 
masses of very small, lath-like plagioclase 
crystals. Such VRF’s are quite susceptible 
to destruction by abrasion or weathering 
but are excellent indicators of a volcanic- 
source terrain. 


XN 0.30 mm 


Tertiary Horse Springs Fm. * 
Nevada 


Abundant volcanic glass shards composed 
of opalline silica. Fragments of shard-filled 
sediment can be found and also are excel- 
lent indicators of a volcanic source area 
(primarily acidic volcanism). 


0.10 mm 


Tertiary Needles Range Fm. 
Nevada 


A volcanic feldspar grain. This grain would 
not be classified as a VRF, but it would be 
useful in confirming a volcanic source or 
in deciding whether associated fine-grained 
rock fragments are of volcanic origin. This 
example shows a plagioclase with well 
developed twinning, euhedral outline, and 
faint (but very diagnostic) compositional 
zoning set in a glassy groundmass. 


XN 0.38 mm 
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Other 
Detrital 
Grains 


Upper Cretaceous Navesink Fm. 
New Jersey 


Glauconite, seen here as well rounded 
grains, is generally green in both ordinary 
and polarized light. Rounding does not 
necessarily indicate abrasion, and these 
grains were probably produced as fecal 
pellets jin situ. Glauconite commonly 
occurs as pellets or within skeletal grains 
and, when not detrital, is a good indicator 
of a marine depositional setting. 


XN 0.38 mm 


Upper Cretaceous Monte Antola Fm, 
Italy 


Detrital glauconite in a turbidite sandstone. 
These rounded glauconite grains were 
probably produced in shelf or slope sedi- 
ments as pellets and were reworked into 
basinal turbidites. They show a darker, 
more typical, birefringence color than do 
the grains in the previous photo. Also note 
typical “granular” texture of glauconite. 


XN 0.12 mm 


Upper Cretaceous Tinton Sand 
New Jersey 


Large, unusual glauconite grains. The 
brown color is atypical and the crystal 
shape is clearly pseudomorphous after a 
precursor mineral such as vermiculite. 
Glauconite (celadonite) commonly forms 
as a degradation product of biotite or clay 
minerals in igneous and sedimentary rocks. 
These grains have undergone significant 
outcrop weathering. 


0.38 mm 


Jurassic Curtis Fm. 
Utah 


Authigenic glauconite found as an inter- 
stitial filling within the pores of an echino- 
derm fragment. The color is typical of 
glauconite; the texture, however, is typical 
of echinoid grains. In this example glauco- 
nite may have replaced some of the calcite 
of the echinaid. 


0.27 mm 


Oligocene Cyrenenschichten (Molasse) 
Germany 


A large calcium carbonate shell fragment in 
a_ siltstone. Shell can be identified by 
external morphology and internal shell 
structure as a pelecypod, Cyrenia sp. The 
presence of abundant shells of this mollusk 
but virtually no others aids in identifica- 
tion of the environment of deposition as 
being restricted marine. 


XN 0.38 mm 


Ordovician Reedsville Shale 
Pennsylvania 


A varied assemblage of carbonate skeletal 
grains in a very fine grained sandstone. 
Visible are trilobite fragment (left center), 
bryozoan fragment {upper left), and 
crinoid plate {upper right). The composi- 
tion and variety of the fauna aid in de- 
fining an open-marine depositional environ- 
ment. 


XN 0.38 mm 


Upper Mississippian-Permian Nuka Fm, 
Alaska 


A carbonate shell fragment, probably 
molluscan, riddled with borings. The 
borings are especially visible in this grain 
because they are filled with hematite. 
Borings, especially algal borings, can 
commonly be used as indicators of shallow 
water (photic zone) origin of grains. The 
grains can, however, be transported sub- 
sequently into deeper water. 


XN 0.24 mm 


Lower Mississippian Cottonwood Canyon 
Mbr., Lodgepole Ls. 
Montana 


Phosphatic shell fragments, seen here, can 
also be significant constituents in some 
sediments. This example shows conodonts 
in a variety of sectioning angles. Note 
brownish tint to portions of these grains 
as well as complex external morphologies. 
Large brown grain at bottom is probably a 
phosphatic bone fragment. 


0.38 mm 


Lower Mississippian Cottonwood Canyon 
Mbr., Lodgepole Ls. 
Montana 


Same as previous view but with crossed 
polarizers. Shows typical extinction be- 
havior of conodonts. The extremely low 
birefringence, and pronounced appearance 
of “white matter’ within the sawtooth 
extinction pattern are characteristic. 


XN 0.38 mm 
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Tertiary Creede Fm. 
Colorado 


Organic matter. This is a deformed plant 
fragment. Most organic matter in older 
sediments consists of insoluble, largely 
indestructable compounds. The color of 
such material depends largely on its degree 
of thermal maturation. Matrix material in 
this sample is mainly calcite. 


0.04 mm 


Upper Cretaceous Mesaverde Gp. * 
Colorado 


Abundant organic matter in coaly seams. 
Note variation in color from deep reddish- 
brown to black—this is a function not only 
of thermal maturation but also of the type 
and thickness of organic detritus, The 
material seen here is derived from terres- 
trial, woody sources. 


0.10mm 


Upper Cretaceous Mesaverde Gp. 
Colorado 


Abundant disseminated blebs of organic 
matter throughout field of view. In this 
example the woody detritus has not formed 
discrete coaly seams but has remained as 
isolated grains or grain clusters partly 
deformed through compaction. Because of 
the opacity of this material it is normally 
best studied using reflected light or in 
specially prepared grain mounts. 


0.10 mm 


Pleistocene sandstone 
California 646 m (2,120 ft) 


Organic matter from the Salton Sea geo- 
thermal area is seen here in an unstained 
grain mount. Note the range of colors 
from medium brown to black largely de- 
pending on the thickness of the grains. 
Pollen grains, such as the bisaccate form in 
the lower right-center, generally are 
medium to dark brown, indicative of 
significant thermal maturation at the 
150°C temperature encountered at this 
depth, 


0.10 mm 


Pleistocene sandstone 
California 1,033 m (3,390 ft) 


Organic matter from the same Salton Sea 
geothermal well as above example but 
from a zone at 250 C (present-day temper- 
ature). Note that most grains, including 
bisaccate pollen types, are virtually black, 
indicating very advanced thermal matura- 
tion. This illustrates the utility of examina- 
tion of organic matter in the determination 
of former burial temperatures. 


0.10 mm 


Quaternary gypsum dunes * 
Utah 


Detrital discoidal gypsum crystals are a 
common component of dune sands in 
arid areas in which a source for gypsum is 
present (the Bonneville Salt Flats in this 
case). Such grains are only preserved where 
rainfall is quite low or sedimentation 
extremely rapid. Note partial etching of 
grains and presence of carbonate inclusions 
within gypsum, indicating that these 
crystals grew within carbonate sediment. 


XN 0.22 mm 


Miocene (Messinian} Gesso Solfifera 
Italy 


Detrital twinned gypsum crystals in a 
Marine sediments. These crystals were 
preserved in a mass flow deposited in 
relatively deep waters. Note that gypsum 
crystals are floating in a matrix of fine- 
grained calcite and show little indication 
of corrosion. 


XN 0.17 mm 


Miocene {Messinian) Gesso Solfifera 
Italy 


Detrital needle- or lath-shaped crystais of 
gypsum preserved in a marine turbidite. 
The crystals, which are twinned, were 
presumably deposited in shallow water and 
were reworked into a deeper water setting 
by turbidity currents. Numerous crystal 
fragments of gypsum and calcite make up 
the rock matrix. 


XN 0.22 mm 


Permian Abo Ss. 
New Mexico 


Detrital heavy minerals can be abundant in 
sedimentary rocks, especially where con- 
centrated in placers. The iron oxides seen 
here {probably magnetite with some 
hematitic alteration} are opaque in trans- 
mitted light and are best examined in 
reflected light. Many opaque grains are of 
authigenic origin, however, and thin sec- 
tion study is very useful in distinguishing 
authigenic from detrital grains. 


0.27 mm 


Holocene sediment * 
Connecticut 


Detrital magnetite grains; a reflected-light 
‘photo of a grain mount. Identification of 
heavy minerals is facilitated, in many 
cases, by crushing the rock and concen- 
trating the “heavies” by heavy liquids or 
by other types of mineral-separation 
techniques. Separated grains can be exam- 
ined in refractive index oils or in polished 
mounts. Magnetite shows metallic, silver- 
black color when seen in reflected light. 


RL 0.06 mm 


Upper Triassic Brunswick Fm, 
New Jersey 


A pyrite crystal in reflected light. Although 
this grain is authigenic, rather than detrital, 
it shows the typical yellow-gold metallic 
color of pyrite. Speckled texture is due to 
plucking of material during section grind- 
ing and is minimized in polished sections. 


RL 0.22 mm 


Jurassic Eisenoolith 
Germany 


Hematitic ooids illuminated with very 
strong transmitted light (conoscopic con- 
denser lens inserted). Note the reddish- 
yellow color indicative of hematite which 
may be partially altered to goethite- 
limonite. Oolitic iron minerals include 
hematite, chamosite, limonite, and siderite. 


0.24 mm 


Silurian Clinton Fm. 
Pennsylvania 


Hematite, here as oolitic coatings on 
carbonate skeletal fragments. The hematite 
in this sample is opaque, but in very thin 
sections, with stronger transmitted light, 
or in reflected light, one can commonly 
distinguish a dark red to brown color 
characteristic of this mineral. Hematitic 
ooids are normally indicative of oxidizing 
marine environments, as well as paleasoils 
and weathering horizons. 


XN 0.38 mm 


Cretaceous Monte Antola Fm. * 
Italy 


Detrital micas (muscovite). The grains with 
the bright blue (second order) birefrin- 
gence are muscovite flakes. They are nearly 
colorless in ordinary light. The slightly 
speckled texture (reminiscent of birch 
bark) is characteristic of micas. Muscovite, 
because of its greater chemical stability, 
is more common than biotite in most 
sedimentary rocks. 


XN 0.10 mm 


Ordovician(?) garnet schist 
Connecticut 


A large biotite crystal surrounded by 
muscovite. Note brown color, excellent 
cleavage, and dark spots which are ‘’pleo- 
chroic halos’ formed around minute 
inclusions of zircon, apatite, or other 
uranium-bearing minerals. Biotite crystals 
are normally pleochroic, with colors 
ranging from colorless to yellow, brown, 
red-brown, and green. Biotite weathers 
readily and if very abundant in a sediment 
one can suspect a volcanic source. 


0,30 mm 


Cambrian(?) Hitchcock Lake Mbr. of 
Waterbury Gneiss * 
Connecticut 


A biotite grain surrounded by quartz. The 
biotite shows third order birefringence 
colors and the rough (birch bark) texture 
typical of micas. Two small pleochroic 
halos are also visible. Biotite can be derived 
in small amounts from almost al! types of 
igneous and metamorphic terrains. 


XN 0.30 mm 


Ordovician(?) garnet schist 
Connecticut 


Biotite being altered to chlorite during 
retrograde metamorphism. The alteration 
of biotite to chlorite can also take place as 
a weathering reaction and all stages of 
transition can be found. The green-colored 
grains are now largely chlorite; the brown 
ones are biotite. Note relict pleochroic 
halos within the chloritized biotites. 


0.24 mm 


Ordovician(?) garnet schist 
Connecticut 


Same as previous view but with crossed 
polarizers. Note “ultra blue’’ anomalous 
birefringence colors of the chlorite and the 
damaged zones comprising the pleochroic 
halos (remnants from the pre-existing bio- 
tite). The unaltered biotite flakes show 
high birefringence. Chlorite can form both 
as an alteration of biotite or as a “‘primary” 
mineral in low grade schists and phyllites. 


XN 0.24 mm 


Permian Abo Ss. 
New Mexica 


A detrital chlorite grain. Shows anomalous 
birefringence colors (some chlorite varieties 
have “ultra blue” colors; others have more 
normal low birefringence). The coarseness 
of this chlorite grain indicates that it 
probably is an alteration of biotite. Chlorite 
can be distinguished from  clinozoisite 
(which also has “ultra blue” birefringence) 
by the higher relief of the latter mineral. 
Chiorite is found in most source rock 


types. 


XN 0.06 mm 


Ordovician(?} schist 
Connecticut 


A kyanite crystal showing typical high 
relief, long and bladed crystal form, two 
good cleavages, and light color {often is 
pleochroic). Kyanite is only found in high- 
grade metamorphic source areas and thus 
is a valuable provenance indicator. It has 
moderate chemical stability but relatively 
low abrasion resistance. Many varieties 
commonly make it useful for stratigraphic 
correlation. 


0.10 mm 


Ordovician{?) schist 
Connecticut 


Same as previous view but with crossed 
polarizers. Kyanite is shown surrounded 
by quartz. The birefringence colors seen 
here are well below the maximum shown 
by kyanite (first-order orange to red). 
Characteristic features include high relief, 
moderate to low birefringence, pleo- 
chroism, and a biaxial negative figure with 
a 2V of 82°. 


XN 0.10 mm 


Ordovician-Silurian schist 
Massachusetts 


Sillimanite. The fibrous crystal form, pale 
brown color, slight pleochroism, and high 
relief are characteristic. Sillimanite is 
found only in metamorphic rocks {mainly 
high-grade schists and contact metamor- 
phics). This mineral has moderate chemical 
stability and relatively low abrasion resis- 
tance. 


0.10 mm 


Ordovician-Silurian schist 
Massachusetts 


Same as previous view but with crossed 
polarizers, Under polarized light sillimanite 
is characterized by moderate birefringence, 
parallel extinction, positive elongation, a 
biaxial positive figure, and a 2V of 24°. 
Larger crystals are common; this needle- 
like variety is termed fibrolite. 


XN 0.10 mm 


Paleozoic andalusite schist 
New Hampshire 


A large andalusite crystal with excellent 
110 cleavage surrounded by muscovite. 
Andalusite is characterized by high relief, 
color ranging from colorless to pink (occa- 
sionally green, or yellow), variable pleo- 
chroism, and excellent cleavage, It is most 
common in schists and contact meta- 
morphic rocks. Low chemical stability in 
surface environments explains its scarcity 
in older sediments; rather common in 
younger units, however. 


0.30 mm 


Paleozoic andalusite schist 
New Hampshire 


Same as previous photo but with crossed 
polarizers. Andalusite has low birefrin- 
gence, negative elongation, a biaxial nega- 
tive figure, and a 2V of 80°-85°. The 
mineral is also characterized by abundant 
inclusions, as with the muscovite crystals 
(high birefringence) seen here. 


XN 0.30 mm 


Ordovician schist 
Connecticut 


A staurolite crystal surrounded by quartz 
(colorless) and muscovite (stained red in 
this section). Staurolite has brownish 
color, moderate relief, moderate pleo- 
chroism, abundant inclusions, and pris- 
matic crystal habit with weakly developed 
cleavage. It is an excellent indicator of a 
schistose metamorphic source. Detrital 
grains are rarely well crystallized. 


0.38 mm 


Ordovician schist 
Connecticut 


Same as previous view but with crossed 
polarizers. Staurolite normally shows 
moderate to strong birefringence, positive 
elongation, a biaxial positive figure, and a 
2V of 80°-90°. Detrital specimens com- 
monly show some surficial alteration to 
chlorite. 


XN 0.38 mm 


Ordovician Straits Schist 
Connecticut 


Hornblende, shown here, is a monoclinic 
amphibole with brownish to greenish 
color, commonly with strong pleochroism. 
Relief is high and cleavages are very well 
developed and intersect at 124°. Horn- 
blende is derived from igneous and meta- 
morphic rocks, especially granite, syenite, 
diorite, and amphibolite. Surficial altera- 
tion to chlorite is common. 


0.38 mm 


Ordovician Straits Schist 
Connecticut 


Same as previous view but with crossed 
polarizers. Hornblende is characterized by 
moderate birefringence (second-order 
colors), positive elongation, a biaxial nega- 
tive figure, and a 2V of 70°-85°. The 
example shown here has less than maxi- 
mum birefringence colors. 


XN 0.38 mm 


Lower Miocene Arikaree Fm. 
Wyoming 


Detrital green hornblende crystals derived 
from a metamorphic-granitic source. Green 
hornblendes are by far the most common 
as detrital grains. They tend to have 
variable pleochroism with some. grains 
showing strong effects, most showing 
moderate pleochroism, and a few showing 
virtually none. Detrital grains are often 
found as elongate cleavage fragments with 
frayed ends due to dissolution. 


0.08 mm 


Lower Miocene Arikaree Fm. 
Nebraska 


A detrital hornblende grain with light- 
brown color in this orientation. Grain is 
derived from a volcanic source and is 
surrounded by volcanic glass shards. Com- 
pare with next photograph. 


0.27 mm 


Lower Miocene Arikaree Fm. 
Nebraska 


Approximately the same field of view as 
previous photo but rotated 90°. Note the 
extreme color change of the detrital horn- 
blende compared with previous photo. 
Brown hornblende crystals are relatively 
uncommon in sediments. Such extreme 
pleochroism is generally found in Na-rich 
hornblende. 


0.27 mm 


Devonian(?) meta-diabase 
Connecticut 


A pyroxene crystal, probably pigeonite, 
surrounded by plagioclase feldspars. This is 
one of many pyroxene types (augite, 
diopside, enstatite, hypersthene, and spo- 
dumene) which may be found as detrital 
grains in sedimentary rocks. All have high 
relief, characteristic strong cleavages which 
intersect at 87°-93°, short prismatic 
crystals, light color, and weak pleochroism. 
Pyroxenes are derived mainly from igneous 
and some metamorphic rocks, 


0.10 mm 


Devonian(?) meta-diabase 
Connecticut 


Same as previous view. In polarized light 
pigeonite shows moderate to strong bire- 
fringence (as seen in lower right), a biaxial 
positive figure, and a 0°-20° 2V. Other 
pyroxenes, such as enstatite and hyper- 
sthene have much lower birefringence 
colors; most are optically positive. 
Pigeonite has parallel extinction and is 
length positive. Generally uncommon in 
sediments due to chemical instability. 


XN 0.10 mm 


Cambrian Potsdam Ss. 
New York 


Tourmaline crystals in a limestone (tour- 
maline formed as a hydrothermal alteration 
product}. Under polarized light, tourmaline 
shows moderate to strong birefringence, a 
uniaxial figure (often indeterminate; when 
strained, may appear biaxial), and negative 
elongation. This is one of the commonest 
heavy minerals in sediments because of its 
chemical and physical stability. Rarely 
shows alteration. 


XN 0.24 mm 


Cambrian Gatesburg Fm. 
Pennsy|vania 


A detrital tourmaline with an authigenic 
overgrowth. Shows very poor cleavage, 
high relief, green to brown color with 
extreme pleochroism (goes completely 
black with rotation of stage), and oriented, 
ragged overgrowths. Tourmaline is derived 
from acidic igneous rocks and many types 
of metamorphic rocks, both regional and 
contact. 


0.025 mm 


Upper Triassic arkose 
Massachusetts 


A detrital tourmaline grain, probably of 
first-cycle origin from a metamorphic- 
granitic terrain. The range of tourmaline 
color and pleochroism types makes it 
possible to use this mineral as a marker in 
correlation studies. 


XN 0.08 mm 


Precambrian Ortega Quartzite 
New Mexico 


Epidote crystals in a quartz vein in a meta- 
morphic terrain. Epidote shows high relief, 
gray-brown color (also commonly green), 
perfect basal cleavage, and weak pleo- 
chroism. Epidote is derived mainly from 
altered igneous rocks and crystalline meta- 
morphic terrains. 


0.27 mm 


Precambrian Ortega Quartzite 
New Mexico 


Same as previous photo but with crossed 
polarizers. Epidote has moderate to strong 
birefringence, a biaxial negative figure, and 
a 2V of 92°. Detrital grains are commonly 
irregular and angular with very uneven 
fracture patterns. 


XN 0.27 mm 


Precambrian Inwood Ls. 
New York 


Sphene crystals in a calcitic marble. Sohene 
(sometimes called titanite) shows charac- 
teristic diamond- or wedge-shaped crystal 
outlines with good cleavages, and a brown- 
ish-yellow color. Relief is very high; pleo- 
chroism is very slight except in strongly 
colored varieties. Sources include granites, 
intermediate igneous rocks, and meta- 
morphics (gneisses, schists, and altered 
limestones). Can also be authigenic. 


0.24 mm 


Precambrian Inwood Ls. 
New York 


Same as previous photo but with crossed 
polarizers. Under polarized light, sphene 
has extreme birefringence (compare with 
adjacent calcite which also has extreme 
birefringence), Sphene also has a biaxial 
positive figure with a 2V of 23°-34° and 
very strongly inclined dispersion. 


XN 0.24 mm 


Oligocene Fish Canyon Tuff 
Colorado 


Apatite crystals as inclusions in biotite. 
Hexagonal outline, imperfect cleavage, high 
relief, very low birefringence, uniaxial 
negative figure, and weak to absent pleo- 
chroism characterize apatite. A moderately 
stable mineral, it is commonly found as 
detrital grains in sedimentary rocks. 
Derived mainly from igneous rocks, 
especially granites and syenites. 


XN 0.06 mm 
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Upper Triassic New Haven Arkose 
Connecticut 


A detrital garnet, possibly almandite. 
Garnet is among the easiest minerals to 
identify because of its very high relief 
coupled with poor cleavage, a characteristic 
pitted surface texture in thin section and, 
most importantly, its isotropism under 
cross-polarized flight. This example is 
surrounded by hematite cement. Garnets 
may be derived from igneous and/or 
metamorphic sources, and almandite is the 
most common detrital garnet. 


0.08 mm 


Cambrian{?) Hitchcock Lake Mbr. of 
Waterbury Gneiss 
Connecticut 


A single garnet crystal, probably grossula- 
rite, showing a primary rounded outline, 
very high relief, and a pitted surface 
texture produced during grinding of the 
thin section. The color of garnets can range 
from colorless to red, with scarcer varieties 
being green or yellow. Garnets, although 
not particularly stable, are often abundant 
in sedimentary rocks, 


0.04 mm 


Cambrian{?) Hitchcock Lake Mbr. of 
Waterbury Gneiss 
Connecticut 


Same as previous photo but with crossed 
polarizers. Shows complete isotropism of 
garnet (slight birefringent effects along 
grain margins are probably due to overlap 
of adjacent birefringent quartz crystals}. 
The only common detrital mineral which 
has optical properties similar to garnet 
(especially to almandite) is spinel. 


XN 0.04 mm 


Paleozoic schist 
Massachusetts 


Probable clinozoisite crystals. Clinozoisite 
(a member of the epidote group) shows 
pale green color in this example but is 
commonly colorless; it also has high relief, 
pronounced cleavage, and inclusions which 
parallel the c-axis. Clinozoisite is relatively 
common in sediments although it is fre- 
quently mistaken for zoisite. Derived 
mainly from schists and metamorphosed 
basic volcanic rocks. 


0.08 mm 


Paleozoic schist 
Massachusetts 


Same as previous photo but with crossed 
polarizers. Shows anomalous “ultra blue’’ 
birefringence (not present in all clinozoisite 
grains). It has a biaxial positive figure with 
a 2V near 90°, positive or negative elonga- 
tion, and low birefringence. Clinozoisite 
has slightly oblique extinction which dis- 
tinguishes it from zoisite. 


XN 0.08 mm 


Jurassic Morrison Fm. 
Utah 


A rounded, detrital zircon crystal. Zircon 
commonly shows an abraded bipyramidal 
prismatic form, generally is colorless, and 
has extremely high relief. Cleavage is 
imperfect to poor, and some crystals show 
slight pleochroism. Most zircons are color- 
less; some are pale yellow, brown, pink, or 
purple. Zircon is a ubiquitous component 
of sedimentary rocks because of its great 
physical and chemical stability. 


0.03 mm 


Jurassic Morrison Fm. * 
Utah 


Same as previous view. Under cross- 
polarized light zircon shows strong to 
extreme birefringence, a uniaxial positive 
figure, and positive elongation. Virtually 
never shows alteration but inclusions are 
common. Mainly derived from acidic to 
intermediate igneous rocks {fess common 
from metamorphics). Can be confused with 
xenotime. 


XN 0.03 mm 


Eocene Green River Fm. 
Colorado 


Although heavy minerals can be readily 
identified in thin section, a better idea of 
the total suite of heavy minerals in a 
sample can be obtained by using mineral 
separations. Individual grains can still be 
examined with the microscope, can be 
placed in refractive index oils, or studied 
by X-ray. This example shows epidote 
crystals. Color, crystal outline, surface 
features, and weathering-abrasion effects 
are important criteria for grain identifica- 
tion. 


0.17 mm 


Holocene sediment 
Minnesota 


A mineral separate of garnet. Note lack of 
cleavage, irregular to conchoidal fracture, 
and pale pink-yellow color which are 
characteristic of garnet. Also visible are 
trails of chatter marks which have been 
interpreted as being indicative of glacial 
transport (Folk, 1975). 


0.05 mm 


Holocene sediment 
Minnesota 


A mineral separate of garnet. This grain, in 
addition to showing the typical character- 
istics of garnet, also shows extensive 
chemical etching which has yielded the 
pitted, V-shaped surface features. Such 
dissolution can take place either during 
transportation and deposition of grains, or 
intrastratally during diagenesis. In many 
cases, remarkably fragile, deeply etched 
grains can be found in sediments, 


0.05 mm 


Holocene beach sediment 
Connecticut 


A mineral separate of hornblende derived 
from Paleozoic metamorphics. Note the 
irregular grain shape only partly controlled 
by cleavage, as well as the variation in color 
intensity from the grain margin to the 
center—a function of the variation in grain 
thickness from edge to center. Grain is 
identifiable by color, pleochroism, shape, 
and birefringence. 


0.08 mm 


Holocene beach sediment 
Connecticut 


Same as previous photo but with crossed 
polarizers. Birefringence colors are much 
higher than for hornblende in thin section. 
This is due to the much greater thickness 
of the grain in this mount than the stan- 
dard 30 ym of a thin section. Variation of 
birefringence (color banding) around 
margins reflects changes of grain thickness 
fram the edge to the center of the grain. 


XN 0.08 mm 


Holocene beach sediment * 
Connecticut 


A kyanite crystal in grain mount. The high 
relief, excellent cleavage, bladed habit, and 
color (including pleochroism) allow identi- 
fication of this mineral as kyanite. The 
angularity and lack of alteration indicate 
that the grain is first-cycle and has proba- 
bly undergone little chemical weathering 
and short transport. 


0.08 mm 


Holocene beach sediment * 
Connecticut 


Same as previous photo but with crossed 
polarizers. Moderate birefringence aids in 
identification of this mineral as kyanite. 
Birefringence, however, is difficult to use, 
as exact thickness of grain is not known. In 
fact, the thickness of the left side of the 
grain is considerably less than that of the 
right side as can be seen from the color- 
banding patterns. 


XN 0.08 mm 


Eocene Green River Fm. 
Colorado 


Rutile crystals in grain mount. Yellow to 
red-brown color, striations, twinning (seen 
in grain at upper left), moderate pleo- 
chroism, and prismatic outline with pyra- 
midal terminations are typical for rutile. 
This is an extremely common detrital 
heavy mineral derived mainly from acidic 
igneous rocks, crystalline metamorphic 
rocks, or in situ decomposition of ilmenite. 


0.10 mm 


Eocene Green River Fm. 
Colorado 


Sphene (titanite) crystals in grain mount. 
‘Note brownish-yellow color, abundant 
inclusions, and abrasional rounding. 


0.17 mm 


Eocene Green River Fm. 
Colorado 


Tourmaline crystals in grain mount. 
Prismatic crystals show pronounced exter- 
nal striations, strong pleochroism, and 
red-brown to green color. 


0.17 mm 


Eocene Green River Fm. * 
Colorado 


Zircon crystals in grain mount. Euhedral 
crystals with bipyramidal terminations, 
high relief, very pale-yellow to pink color, 
and common inclusions are characteristic 
of Zircon. 


0.22 mm 
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Fine-grained clastic rock and sediment nomenclature 
of Ingram (1953), Folk (1961, 1968), and 
Dunbar and Rodgers (1957). from Picard (1971) 


Ingram Nomenclature 
No Connotation 


as to Breaking Massive Fissile 
Characteristics 
Relative Amounts of Silt 
and Clay Unknown Mudrock Mudstone Mud Shale 
Silt > Clay Siltrock Siltstone Silt Shale 
Clay >Silt Clayrock Claystone Clay Shale 
Folk Nomenclature 
Grain Size of Mud Fraction Soft Indurated, Indurated, 
Non-Fissile Fissile 
Subequal Silt and Clay Mud Mudstone Mud Shale 
Over 2 Silt Silt Siltstone Silt Shale 
Over 3 Clay Clay Claystone Clay Shale 
Dunbar and Rodgers Nomenclature 
Unconsolidated General Term Non-Fissile Fissile 
General Term Mud, Dust Mudrock, Lutite Mudstone Shale, Mud Shale 
Particles Mainly >4 Microns Silt Siltrock Siltstone Silt Shale 
Particles Mainly <4 Microns Clay Clayrock Claystone Clay Shale 
Weakly Metamorphosed Argillite Clay Slate 


CLAY 


TEXTURAL CLASSIFICATION 
OF FINE-GRAINED ROCKS 
AND SEDIMENTS 


(NOMENCLATURE FOR SEDIMENTS) 


CLAYSTONE 
(CLAY) 
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SAND 25 50 75 SILT 


PER CENT SILT 
from Picard (1971) 


Jurassic Salt Wash Mbr. of Morrison Fm. 
Colorado 


Clay minerals, here seen completely filling 
the pore space of a sandstone, commonly 
are important constituents of clastic terri- 
genous sedimentary rocks. Interstitial clay 
minerals can be detrital, either as originally 
individual flakes or as disaggregated clay 
clasts, or can be authigenic. Determining 
with certainty the origin of matrix clay 
minerals is difficult in many cases. 


0.06 mm 


Cambrian Sillery Group 
Canada (Quebec} 


Interstitial clays in this example clearly 
originated as shale clasts. These soft grains 
were deformed during burial and flowed 
around adjacent quartz grains. Diagnostic 
criteria for this type of clay matrix include 
clay-filled areas larger than normal pores, 
remnant shale clast outlines, and patchy 
distribution of clays. 


0.27 mm 


Devonian Oriskany Ss. * 
Virginia 


A much more advanced stage of compac- 
tion of shale clasts than that in last exam- 
ple. Here birefringent clay minerals have 
been deformed extensively and have flowed 
between quartz grains to the point where it 
is difficult to recognize any original clast 
outlines. Note strain shadows within quartz 
grains, a further indication of deformation 
of the sediment. 


XN 0.15mm 


Pennsylvanian Teuschnitzer Cgl. * 
Germany 


Primary (detrital) clay matrix recognizable 
“here by the fact that quartz grains are 
floating in the clay. That is, the quartz 
does not form a framework which could 
support itself, and this implies that the 
clays were introduced at the same time as 
the quartz. Cases in which primary clay 
was incorporated into a_ self-supporting 
grain framework are more difficult to 
recognize. 


0.27 mm 


Quaternary soil 
Australia 


Clays infiltrated and/or neoformed in a red 
podzolic soil. In areas of intense weather- 
ing clays are moved downward in the soil 
zone by a combination of mechanical and 
chemical processes (eluviation). The red 
color results from the accumulation of 
largely insoluble iron oxides and hydrox- 
ides and is common in tropical and hot 
arid soils. Dispersion of quartz in clay 
results from high “mobility’’ and expansive 
neoformation of clays. Photo by E, F. 
McBride. 


0.30 mm 


Miocene Cierbo and Neroloy Ss. 
California 


Authigenically formed clays (montmoril- 
lonite/smectite). The occurrence of the 
clay minerals as oriented, fibrous crusts 
lining pores in this sandstone indicates 
authigenic growth as a pore filling cement. 
Other clays appear to be forming as an 
alteration of unstable detrital rock frag- 
ments. 


XN 0.10 mm 


Eocene Huerfano Fm. * 
Colorado 


Vermicular kaolinite as an authigenic pore- 
filling cement. The coarse crystal size and 
complex, worm-like structure of the kaoli- 
nite suggest in situ formation. Here, the 
kaolinite is embedded within a_ later 
formed crystal of pore-filling calcite ce- 
ment. 


0.05 mm 


Oligocene Frio Fm. 
Texas 4,826 m (15,833 ft) 


Clay minerals, mainly kaolinite, partly 
filling both primary and secondary pore 
space (porosity shown with dark blue 
stained epoxy). Clays within leached 
secondary porosity probably formed as 
replacement of feldspar crystals which 
were subsequently dissolved, leaving resi- 
due of clays. Note intercrystalline porosity 
in clay-filled areas. Photo by R. G. Loucks. 


0.11 mm 


Upper Triassic New Haven Arkose 
Connecticut 


Complex assemblage of clay minerals 
including sericite, chlorite, and kaolinite. 
Clays were identified using both X-ray 
diffraction and petrographic techniques. 
In such complex assemblages and textures, 
the distinction between detrital, replace- 
ment, and pore-filling clay types becomes 
very difficult and uncertain. 


XN 0.15 mm 


Pennsylvanian Tensleep Ss. 
Wyoming 


Detrital matrix within sandstones is not 
always clay; in this example, micritic 
calcite matrix (carbonate mud) is present 
in interstices between quartz and carbonate 
framework grains. Micritic carbonate most 
commonly has a crystal size of 2-5 um and 
is readily identified by its equant crystal 
form and extremely high birefringence. 


XN 0.10 mm 


Eocene ‘Plum Bentonite’ 
Texas 


A smectite (montmorillonite) shale. Clays 
are best identified by X-ray diffraction 
techniques but can be distinguished op- 
tically to some degree. Smectite has 
relatively high birefringence (which differ- 
entiates it from kaolinite) and an index of 
refraction below epoxy, balsam, and quartz 
(which distinguishes it from illite and 
sericite). Mixed layering of smectite and 
illite is common and complicates identifi- 
cation. 


XN 0.30 mm 


Lower Cretaceous Mowry Shale 
Wyoming 


Smectitic (montmorillonitic) shale from a 
bentonite (Clay Spur Bentonite Bed). This 
SEM view shows irregular, wavy plates or 
sheets which are characteristic of most 
smectites. Photo by R. R. Larson. 


SEM 1 um 


Tertiary weathering zone in basalts 
Washington 


An SEM view of nontronite, a member of 
the smectite (montmorillonite) group of 
clay minerals. Apparently formed as an 
alteration of glassy material and augite 
in volcanic rocks and volcaniclastic sedi- 
ments. Photo by R. R. Larson. 


SEM 7m 


Pennsylvanian ‘Ball Clay” 
Missouri 


A kaolinite-rich claystone with abundant 
ball-like structures. The origin of these 
structures is not fully understood but they 
may form as soil pisolites. Kaolinite is 
generally the product of intense weathering 
of feldspathic or clayey rocks in hot, 
humid climates. In such settings potassium 
is stripped from the clays, forming kaoli- 
nite. 


0.30 mm 


Pennsylvanian “Ball Clay’’ 
Missouri 


Same as previous photo but with crossed 
polarizers. Kaolinite is distinguished from 
smectite, illite, and sericite by its much 
lower birefringence. However, kaolinite is 
often very difficult to distinguish from 
chert and finely crystalline volcanic rock 
fragments. X-ray diffraction provides the 
most certain method of identification. 


XN 0.30 mm 


Cretaceous Middendorf Fm. 
South Carolina 


An SEM view of a kaolinitic claystone. 
Note characteristic platy structure of 
stacks of kaolinite plates, perhaps slightly 
etched in this example. 


SEM 3 um 


Upper Cretaceous Tuscaloosa Fm. 
Louisiana 4,923 m (16,150 ft) 


Authigenic kaolinite within sandstone 
pores. Crystals show well developed pseu- 
dohexagonal basal scales in curved vermicu- 
lar stacks, a characteristic structure for 
Kaolinite and related minerals such as 
dickite. Photo by G. W. Smith. 


SEM 6 um 


Cretaceous Black Leaf Fm. 
Montana 


A coarse sericite claystone. Sericite can be 
distinguished, in thin section, from the 
virtually identical illite only on the basis of 
crystal size. Sericite and illite both have an 
index of refraction higher than balsam 
(which distinguishes them from smectite), 
and a birefringence much higher than that 
of kaolinite. 


XN 0.10 mm 


Lower Permian Rotliegendes Ss. 
Leman Field, British North Sea 
ca. 2,680 m (8,800 ft) 


An SEM view of authigenic illite in a sand- 
stone. In such views illite is characterized 
by sheet-like flakes with wispy, fibrous 
terminations which can commonly bridge 
large pores. The fibers are, in most cases, 
unoriented and may intertwine complexly. 
Photo by E. D. Pittman. 


SEM 20 um 


Ordovician Griffel Schiefer * 
Germany 


Knots of authigenic chlorite (anomalous 
blue or “‘ultrablue’’ birefringence) have 
grown in a matrix of organic carbon-rich 
shale. The growth of chlorite in sedimen- 
tary rocks is a common phenomenon in 
the entire range of temperatures and pres- 
sures from moderate sedimentary burial 
through green-schist metamorphism. 
Chlorite is most readily recognized by its 
birefringence and morphology, but X-ray 
diffraction work is needed for detailed 
mineralogical studies. 


XN 0.10 mm 


Oligocene Frio Fm. 
Texas 3,068 m (10,066 ft) 


An SEM view of authigenic growth of knots 
of chlorite in pore space of a sandstone. 
Chlorite typically shows a platy or bladed 
appearance with a variety of overall habits, 
including the clusters or spherules shown 
here. Authigenic quartz can also be seen 
infilling pore space in this example. Photo 
by R. G. Loucks. 


SEM 4.5 um 


Miocene Hawthorn Fm. 
Florida 


An SEM view of another sedimentary clay 
mineral, attapulgite (also termed paly- 
gorskite). This group of hydrous magnesi- 
um aluminum silicates is characterized by 
its distinctive rod-like or fibrous structure. 
It is quarried as a Fuller’s earth deposit. 
Photo by R. R. Larson. 


SEM 1 um 


Lower Cretaceous Mowry Shale * 
Utah 


The classification of fine-grained sedimen- 
tary rocks generally depends on the distinc- 
tion between massive and fissile types as 
well as a recognition of the relative propor- 
tions of clay-sized versus coarser material. 
This example shows extreme parallelism 
of clay minerals (indicated by uniform 
birefringence), lamination, and a marked 
predominance of clay-sized material. It 
would be termed an indurated, fissile clay 
shale. 


XN 0.10 mm 


Lower Cretaceous Mowry Shale * 
Utah 


Same as previous photo but rotated ap- 
proximately 45°. Note very apparent 
change in overall birefringence of sample. 
This indicates excellent alignment of con- 
stituent clay minerals in a strongly non- 
random (fissile) fabric. 


XN 0.10 mm 


Upper Cretaceous Monte Antola Fm. 
Italy 


An indurated nonfissile siltstone. Sample 
shows moderate to poor orientation of 
clay minerals (chlorite and sericite) and a 
predominance of silt- over clay-sized 
material. 


XN 0.10 mm 


Upper Cretaceous Monte Antola Fm. 
Italy 


A burrowed siltstone. Original lamination, 
if present, has been largely destroyed by 
churning of the sediment by burrowing 
organisms. In this case, burrows are clearly 
visible because burrow walls are packed 
with coarser silt whereas the burrow center 
is filled with finer grained, clayey material. 
Recognition of burrows can be important 
in paleoenvironmental reconstruction. 


0.22 mm 


Lower Ordovician Phycoden Schichten 
Germany 


Solution seams in a shale. Compaction and 
dissolution of material has taken place in 
the shaly zone between two more indur- 
ated silty areas (lighter color). The solution 
zones or seams, also termed microstylolites 
or horsetail seams, have concentrations of 
relatively insoluble organic matter, pyrite, 
clay, and other minerals yielding the very 
dark appearance. 


0.27 mm 


Cretaceous-Tertiary bauxite 
Arkansas 


This is an example of a Kaolinitic bauxite 
showing numerous soil-type features indi- 
cative of formation within a weathering 
zone. The sediment is pisolitic with indi- 
vidual pisolites showing irregular Jamina- 
tion and desiccation cracking. Calcite and 
iron oxides are major cements. Bauxites 
form in areas of very intense leaching in 
hot, humid climates and their recognition 
aids in interpretation of paleoclimates. 


0.38 mm 


Cretaceous-Tertiary bauxite 
Arkansas 


Same as previous photo but with crossed 
polarizers. Note extremely low birefrin- 
gence to virtual isotropism of bauxite and 
kaolinite. Reddish color is from hematite 
cementation. Pisolite development, as 
shown here, is characteristic of many 
soil-type deposits including bauxites and 
caliche crusts. 


XN 0.38 mm 


Quaternary soil * 
Australia 


An example of pisolitic structure in a 
lateritic hardpan. Sediment includes clays 
and quartz grains largely cemented by iron 
and aluminum hydroxides. Recognition of 
such weathering horizons can form an 
important component of paleogeographic 
reconstructions. Photo by E. F. McBride. 


0.30 mm 
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Associated 
Sediments 


Cretaceous Travis Peak Fm. 
Texas 


A detrital chert fragment. Although this 
grain shows a uniform, dark, microcrystal- 
line quartz fabric with no relict deposition- 
al features, many other cherts (both as 
detrital grains and jn situ deposits) contain 
an abundance of preserved details which 
may shed important light on paleoenviron- 
mental conditions. Note fine crystal size 
and low birefringence of chert. 


XN 0.10 mm 


Upper Cretaceous White Limestone 
Northern Ireland 


A chert nodule formed as a replacement of 
a fine-grained limestone. Abundant car- 
bonate inclusions are preserved within 
the chert. Areas of originally more coarsely 
crystalline carbonate (such as the Fora- 
minifera in the center of photo) have been 
replaced by more coarsely crystalline 
quartz. This type of fabric-controlled 
replacement is common in cherts. 


XN 0.10 mm 


Upper Cretaceous Upper Chalk * 
England 


A spicular chert. Abundant monaxon and 
triaxon sponge spicules preserved as mega- 
quartz in a matrix of microquartz (chert) 
of replacement origin. Sponge spicules are 
frequently preserved in cherts, in part 
because they are commonly the source of 
the replacement silica. Dissolution of opal 
(either from biogenic or volcanic sources) 
provides most of the silica for replacement 
chertification. 


XN 0.27 mm 


Upper Jurassic Point Sal ophiolite group 
California 


Cross sections through several Radiolaria 
showing moderately good preservation of 
the tests despite alteration from original 
opal to present microquartz chert. Radio- 
laria are another major source of replace- 
ment silica in many sections. Radiolarian 
remains can be recognized on the basis of 
the coarse pore structure as well as the size 
and shape of the tests. 


0.07 mm 


Upper Cambrian Mines Dolomite Mbr, of 
Gatesburg Fm. 
Pennsylvania 


Silica replacement of an oolitic limestone. 
This is an example of the excellent fidelity 
of preservation which is possible with 
chert-replacement fabrics. Brownish color 
is a result of numerous very small inclu- 
sions of water- and air-filled vacuoles 
within the chert structure and is typical of 
most chert. 


0.27 mm 


Upper Cambrian Mines Dolomite Mbr. of 
Gatesburg Fm. * 
Pennsylvania 


Same as previous view but with crossed 
polarizers. Shows the broad range of silica 
fabrics which can be found even ina small 
area. Detrital quartz grains (oolitic nuclei) 
have overgrowths. Oolitic carbonate was 
replaced by micro- and megaquartz whereas 
the intergranular pore space was filled with 
a lining of chalcedony followed by mega- 
quartz. 


XN 0.27 mm 


Cretaceous chert pebble in Holocene 
sediments 
Texas 


Silica replacement of limestone. Shows the 
three main forms of sedimentary quartz— 
chert or microquartz, chalcedony, and 
megaquartz. Chert here replaced the bulk 
of the fine-grained carbonate sediment. 
The radial fibrous chalcedony lined a 
former cavity which was subsequently 
completely infilled with equant mega- 
quartz. This section is slightly thicker than 
the standard 30 um. 


XN 0.38 mm 


Tertiary ‘Vieja Group’ * 
Texas 


Chert filling of a large void between breccia 
fragments in a volcaniclastic rock. The void 
was first lined with several generations of 
chalcedony separated by hematitic bands. 
Final filling of the void was accomplished 
by a sequence of graded chert bands. 
Although the origin of this type of graded 
chert filling is unclear, the texture is not 
uncommon. 


XN 0.38 mm 


Middle Paleozoic Caballos Novaculite 
Texas 


“Cubic’’ or “fortification zoned” quartz. 
These cavity lining crystals in jasper beds 
have cubic outlines and zonation of brown 
(fluid-inclusion-rich) and white layers. 
Such quartz morphology has been pro- 
posed as a criterion for recognizing the 
association of cherts with ancient evaporites 
(McBride and Folk, 1977). 


0.27 mm 


Upper Jurassic Radiolariti 
Italy 


Chalcedonic quartz infilling of a cavity. 
Commonly, as in this example, chalcedony 
occurs as radiating bundles of fibers. In 
this case, the bundles increase in size from 
the margins of the cavity to the center. 
Chalcedony, like most other forms of 
microquartz, contains numerous micro- 
inclusions filled with liquid. These inclu- 
sions are responsible for the relatively 
low refractive index of chalcedony. 


XN 0.27 mm 


Upper Jurassic Radiolariti 
Italy 


“Zebraic’’ chalcedony. This is a fibrous 
microquartz cavity lining in which the 
fibers are alternately light and dark as one 
views along the fiber elongation direction 
under polarized light. McBride and Folk 
(1977) have described the association of 
zebraic chalcedony with evaporite minerals. 


XN 0.27 mm 


Miocene-Pliocene Monterey Shale 
California 


A diatomite (a primary siliceous sediment). 
This sample contains abundant, largely 
unaltered fragments of marine diatoms 
still preserved as original opaline silica. 
Most extensive bedded cherts of Phanero- 
zoic age probably originated from similar 
deposits of biogenic silica (Radiolaria, 
diatoms, or siliceous sponges). 


SEM 2 um 


Upper Cretaceous Craie grise 
Netherlands 


Spherules (sometimes called lepispheres) of 
cristobalite. Recent work has shown that 
the alteration of biogenic opal to quartz 
chert generally goes through the_ inter- 
mediate stage of cristobalite. The transi- 
tions between these three phases are 
largely temperature controlled although 
time and associated lithologies also play a 
large role. In general, the presence of 
clay minerals retards the transformation; 
CaCO accelerates it. 


SEM 2.6 um 


Mississippian Redwall Ls. 
Arizona 


Electron micrograph of a carbon replica of 
bedded chert. Sample shows equant 
crystals which range in size from very fine 
to medium crystalline microquartz. The 
various forms of sedimentary silica (bio- 
genic opal, cristobalite, and alpha quartz) 
are generally distinct and recognizable 
using the electron microscope. Photo by 
J. C. Hathaway, courtesy of E. D. McKee. 


TEM 3.5 um 


Pliocene Bone Valley Fm. 
Florida 


Detrital phosphate grains (cloudy) asso- 
ciated with detrital quartz (clear). The 
phosphatic grains, which are composed of 
several phosphate minerals, generally lack 
internal structure in this example although 
grains with oolitic or pisolitic structure are 
common in other deposits. The phosphate 
in this case was formed in marine condi- 
tions (associated teeth and bones of marine 
animals) but was concentrated by 
weathering and erosion. 


0.38 mm 


Pliocene Bone Valley Fm. 
Florida 


Same as previous photo but with crossed 
polarizers. Phosphate (primarily fluorapa- 
tite) here is virtually isotropic. The gray-to- 
brown color in transmitted light and 
extremely low birefringence in cross- 
polarized light characterize most phos- 
phate minerals. Staining and X-ray diffrac- 
tion are also useful in the identification of 
phosphates. 


XN 0.38 mm 


Permian Phosphoria Fm. * 
Idaho 


An oolitic phosphate deposit. Nuclei of 
ooids are phosphatic bone fragments. 
These are coated with one or more layers 
of apatitic phosphate. The continuity of 
coating layers implies mobility of the 
grains probably due to wave or current 
agitation. Phosphate accumulations are 
often associated with nondepositional 
intervals or periods of slow sedimentation, 
and also can imply high biological pro- 
ductivity. 


0.38 mm 


Tertiary ‘Vieja Group’ 
Texas 


Section of a piece of phosphatic bone 
material (collophane) with complex but 
typical internal structure. The patterns are 
created by phosphatic material surrounding 
small channels within the bone. Note the 
very low order interference colors. 


XN 0.38 mm 


Upper Cretaceous Atco Fm. 
(Austin Group) 
Texas 


A phosphatic bone fragment as seen in 
SEM. Such grains are normally identifiable 
on the basis of their surface texture (as 
with the dimpled pattern seen here) or by 
their porous internal structure when seen 
in cross section. 


SEM 100 um 


Mississippian upper Debolt Fm. 
Canada 


The recognition of evaporite minerals can 
be important in the reconstruction of the 
geologic history of sedimentary basins. In 
this example, crystals of probable celestite 
have formed within a micritic carbonate 
matrix. Note the low birefringence and 
crystal shapes similar to gypsum. Several 
crystals have been replaced by calcite (high 
birefringence). 


XN 0.25 mm 


Upper Permian Castile Fm. 
New Mexico 


A bedded and varved gypsum deposit. In 
the upper part of the photo is a lamina of 
orange-brown calcite crystals whereas the 
rest of the slide shows interlocking crystals 
and crystal fragments of gypsum. In the 
deeper subsurface this rock is anhydrite 
and it probably has inverted to gypsum 
during uplift and erosion. Note character- 
istic low birefringence of gypsum. 


XN 0.27 mm 


Upper Miocene (Messinian) Gesso Solfifera 
Italy 


Detrita! gypsum crystals and carbonate 
matrix reworked by turbidity currents. 
Note low birefringence, crystal outlines, 
and presence of twinning in many of the 
gypsum crystals and crystal fragments. 
Although quite soluble and soft, gypsum 
can, under some circumstances be trans- 
ported significant distances and be pre- 
served even in deeper water sediments. 


XN 0.27 mm 


Holocene dunes 
Utah 


Detrital (windblown) gypsum crystals in 
modern dunes flanking the Bonneville Salt 
Flats. In arid climates and with relatively 
short distance transport, gypsum crystals 
can remain well preserved. Characteristic 
discoidal shapes, carbonate inclusions, 
etching, and low birefringence can be seen 
in this example. 


XN 0.27 mm 


Upper Miocene (Messinian) unit 
Cyprus 


A common form of occurrence of gypsum 
—as lath-like crystals. Twinning can be seen 
in some of the crystals, Low birefringence, 
closely interlocking fabric, and relative 
scarcity of inclusions are visible in this 
example. 


XN 0.10 mm 


Upper Miocene (Messinian) Gesso Solfifera 
Italy 


On occasion, gypsum can form oolitic 
growths as seen here. Nucleus is a rounded 
gypsum crystal fragment which is coated 
with numerous concentric (and slightly 
eccentric) layers of gypsum marked by 
brown bands of inclusions. Ooids are 
incorporated in a groundmass of gypsum 
cement. These grains formed in agitated 
shallow marine water. 


0.27 mm 


Upper Miocene (Messinian) Gesso Solfifera 
Italy 


Same as previous photo but with crossed 
polarizers. Although ooids are composed of 
thin, concentric laminations, the crystal 
fabric cuts across this texture. Crystals of 
gypsum are arranged in a radial pattern 
which extends from the outer margin of 
the nucleus to the edge of the ooid., This is 
analogous to fabrics found in carbonate 
ooids formed in hypersaline settings. 


XN 0.27 mm 


Upper Miocene (Messinian) Eraclea Minoa 
mass flow unit 
Italy (Sicily) 


Gypsum cement in a Globigerina ooze. 
Large gypsum cement crystals, derived 
largely from detrital gypsum within the 
unit, fill virtually all porosity in this sedi- 
ment. Early pore filling by chemically 
unstable cement provides the potential for 
later diagenetic removal of the cement and 
the generation of large volumes of secon- 
dary porosity. 


XN 0.10 mm 
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Pleistocene Montallegro Fm. 
Italy (Sicily) 


Large gypsum crystals which have grown 
within the enclosing sediments. Note the 
abundant carbonate inclusions within the 
crystal, arranged parallel with crystallo- 
graphic directions. This is a very common 
phenomenon in rapidly grown evaporite 
crystals. 


XN 0.10 mm 


Lower Cretaceous Ferry Lake Anhydrite 
Texas 


Fibrous to bladed anhydrite crystals fill 
the central cavity of a serpulid worm tube. 
Coarser anhydrite has replaced parts of the 
serpulid tube walls. Anhydrite is readily 
identifiable on the basis of its moderately 
high birefringence and its crystal shapes. 


XN 0.38 mm 


Upper Miocene (Messinian) unit 
Mediterranean (DSDP Leg 13) 


A replacive and/or displacive anhydrite 
nodule in foraminiferal sediments. The 
anhydrite consists of numerous small 
cleavage fragment produced during dis- 
placive growth of the nodule. Though 
these types of nodules are common in 
sabkha environments, they are by no 
means restricted to such settings. 


XN 0.27 mm 


Silurian Salina Fm. 
Michigan 


_Anhydrite laths and calcitic fossil frag- 
ments cemented by halite. Halite is recog- 
nizable in this view only by the presence of 
thin cleavage traces through what otherwise 
looks like void space, The lack of compac- 
tional deformation of this very loosely 
packed rock implies very early formation 
of anhydrite and halite. 


0.27 mm 


Silurian Salina Fm. * 
Michigan 


Same as previous photo but with crossed 
polarizers. Halite is completely isotropic 
and thus is very difficult to recognize in 
polarized light. Anhydrite laths have 
moderately high birefringence and can be 
seen to fill void space and partially replace 
calcitic fossils. Calcite has extremely high 
birefringence and occurs both in_ thin- 
shelled fossils and as cement crystals. 


XN 0.27 mm 


Upper Miocene (Messinian) unit 
Mediterranean (DSDP Leg 13) 


A halite bed composed of hopper crystals. 
The hoppers illustrate the cubic habit of 
halite and show extensive zonation of 
inclusion rich and inclusion-poor ftayers. 
These crystals, as with the halite in previous 
photos, are completely isotropic in cross- 
polarized light. 


0.27 mm 
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Upper Miocene (Messinian) unit * 
Mediterranean (DSDP Leg 13) 


Detail of halite hopper bed in previous 
photo. Zonation of fluid (and scarcer 
mineral) inclusions can be clearly seen, as 
can the cubic structure of the mineral. 
In the absence of inclusions, halite can be 
easily overlooked in thin section. Further- 
more, special precautions (such as grinding 
in oil) should be taken during section 
preparation when halite is expected. 


0.10 mm 


Upper Permian Salado Fm. 
New Mexico 


Sylvite (KCI) has a very similar crystallo- 
graphic structure to halite (both are iso- 
metric hexoctahedral with cubic cleavage). 
Both minerals also have isotropic behavior 
under cross-polarized light. Sylvite has a 
lower index of refraction than halite and 
frequently contains inclusions which result 
in color tinting of the crystal, as with the 
reddish-brown hues in this example. 


0.27 mm 


Pliocene Big Sandy Fm. 
Arizona 


Tuffaceous intervals are frequently en- 
countered in sedimentary sections. This 
photo shows a tuff in which smectitic clays 
outline the volcanic shards. The shards 
themselves, although originally composed 
of volcanic glass, have been replaced by 
clinoptilolite, a zeolite. In spite of this 
extensive alteration, original shard texture 
is still readily visible. 


0.10 mm 


Tertiary Horse Springs Fm. 
Nevada 


Volcanic glass shards and other minerals 
derived from a volcanic source in a calcite- 
cemented sandstone. The shards look 
slightly brown-yellow when compared with 
the detrital quartz and feldspar in this 
example, largely because of the large 
amounts of water incorporated into the 
volcanic glass. Note the very angular, 
fragile-looking shapes characteristic of 
shard textures. 


0.24 mm 


Tertiary Horse Springs Fm. 
Nevada 


Same as previous view but with crossed 
polarizers. All volcanic glass shards are 
black, illustrating the isotropic behavior 
of glass. Calcite cement can be seen to be 
poikilotopic with single crystals encom- 
passing numerous detrital grains. Quartz, 
plagioclase, biotite, and heavy minerals of 
volcanic derivation also can be seen. 


XN 0.24 mm 


Pleistocene Yellowstone Group (tuff) * 
Wyoming 


Where tuffaceous material is deposited 
while still hot (as in ignimbrites or welded 
tuffs) the glassy shards may fuse together 
and be distorted by flowage, as in this 
example. 


0.10 mm 
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The following photographs illustrate end 
members of sandstone composition. Several 
classification names are given for each 
example. 


Devonian Oriskany Ss. 
Virginia 


Quartzarenite (Folk, 1968); orthoquartzite 
(Folk, 1954}; or quartz arenite (Williams, 
Turner, and Gilbert, 1954), Some inter- 
stitial clay is present but may be, in large 
part, authigenic, Rock consists mainly of 
single-crystal, rounded quartz grains. 


XN 0.15mm 


Permian Abo Ss, 
New Mexico 


A plagioclase arkose (Folk, 1968); arkose 
(Folk, 1954); or arkosic arenite (Williams, 
Turner, and Gilbert, 1954). Approximately 
25-30 percent of the rock consists of 
feldspars, with plagioclase somewhat more 
abundant than microcline. A complete 
Folk (1968) name for the rock would be— 
Fine sandstone: calcitic submature mica- 
ceous plagioclase arkose. 


XN 0.10 mm 


Triassic Chinle Fm. 
Arizona 


A litharenite (shale arenite) (Folk, 1968); 
subgraywacke {Folk, 1954}; or lithic 
arenite (Williams, Turner, and Gilbert, 
1954). Rock has more than 25 percent 
sedimentary rock fragments with shale 
clasts slightly more abundant than chert 
fragments. Interstitial clay composes less 
than 2 percent of the total rock. Shale 
clasts were soft and have been strongly 
deformed. 


0.30 mm 


Lower Cretaceous Corwin Fm. 
Alaska 


A chertarenite (Folk, 1968); orthoquartz- 
ite (Folk, 1954); or quartz arenite 
(Williams, Turner, and Gilbert, 1954). 
Rock consists predominantly of detrital! 
chert fragments which are plotted as quartz 
in the Folk (1954) and Williams, Turner, 
and Gilbert (1954) classifications but are 
counted as sedimentary rock fragments in 
the Fotk (1968) scheme. In this case, at 
least, the Folk (1968) plot yields the 
greatest provenance significance. 


XN 0.38 mm 


Triassic Dockum Fm. 
New Mexico 


A calclithite (Folk, 1954 and 1968) or 
lithic arenite (Williams, Turner, and Gilbert, 
1954). The rock consists of over 90 per- 
cent limestone fragments (possibly a 
reworked caliche) and grains show exten- 
sive marginal dissolution and iron oxide 
staining. A complete Folk (1968) name 
would be—Slightly granular coarse sand- 
stone: hematitic, stylolitized, submature 
calclithite. 


0.38 mm 


Lower Cretaceous Corwin Fm. 
Alaska 


A calclithite or chertarenite (Folk, 1968): 
orthoquartzite (Folk, 1954): or lithic 
arenite (Williams, Turner, and Gilbert, 
1954). Subequal chert and carbonate 
fragments (both limestone and dolomite) 
make up most of this rock. The Folk 
(1954) classification ignores carbonate 
grains if they compose less than 50 percent 
of the sediment—thus, this rock becomes 
an orthoquartzite in that scheme. 


XN 0.15 mm 


Cretaceous Ildefonso Fm. 
Puerto Rico 


A volcanic-arenite (Folk, 1968); arkose 
(Folk, 1954); or lithic arenite (Williams, 
Turner, and Gilbert, 1954). Rock consists 
mainly of rounded basic igneous rock 
fragments. In Folk’s 1954 scheme these are 
grouped with feldspars; in his 1968 classifi- 
cation they are plotted as rock fragments. 
Because of the remarkable variety of 
possible names for the same rock using 
different classifications, reference should 
always be made to the classification used. 


XN 0.30 mm 


Cretaceous Fortress Mountain Fm. 
Alaska 


A high-rank phyllarenite (Folk, 1968); 
graywacke (Folk, 1954); or quartz-lithic 
arenite (Williams, Turner, and Gilbert, 
1954). Rock consists mainly of gneiss, 
schist, and metaquartzite fragments. The 
metamorphic source is best expressed in 
Folk’s 1968 classification. 


XN 0.38 mm 


Cretaceous Tuktu Fm. 
Alaska 


A low-rank phyllarenite (Folk, 1968); 
graywacke (Falk, 1954); or lithic arenite 
(Williams, Turner, and Gilbert, 1954). The 
rock is composed mainly of phyllite and 
schist fragments with associated quartz. 
Chlorite and muscovite are the major mica- 
ceous minerals visible in this photo. The 
sediment has undergone considerable com- 
pactional deformation. 


XN 0.24 mm 
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SORTING IMAGES 


Pennsylvanian Teuschnitzer Cg}. 
Germany 


An immature sedimentary texture (lithic 
wacke or phyllarenite). Sample contains far 
more than 5 percent detrital clay matrix, 
which automatically classes it as an imma- 
ture sediment. In addition, coarser grains 
are very poorly sorted and very angular. 
Sediments this poorly sorted are most 
commonly encountered in alluvial fan, 
submarine fan, turbidite, or upper flood- 
plain settings although they can be found 
to a lesser degree in almost all environ- 
ments. Considerable care must be taken to 
use only percentages of detrital, not 
authigenic, clays in textural-environmental 
interpretations. 


0.28 mm 


Permian Abo Ss. 
New Mexico 


A submature rock (an arkose). This rock 
has less than 5 percent detrital clay matrix 
{although more clay is present in detrital 
rock fragments), and sorting is relatively 
poor; thus, this sample has a submature 
texture. The rounding of grains is very 
poor in this example. Submature textures 
can indicate relatively low energy deposi- 
tional environments in almost any sedimen- 
tary setting. 


0.38 mm 


Oligocene Catahoula Tuff * 
Texas 


A mature rock (an opal-cemented cher- 
tarenite). Sample has no clay matrix, is 
well sorted, and has very poor grain 
rounding—this defines a mature texture. 
Mature textures are produced, in most 
cases, in moderately high energy environ- 
ments with rapid deposition. 


0.24 mm 


Jurassic Entrada Ss. * 
Utah 


A supermature rock (a quartzarenite or 
“ orthoquartzite). Sample contains less than 
5 percent detrital clay matrix (green 
epoxy fills pore space), is very well sorted, 
and is composed of grains which are very 
well rounded—this defines a supermature 
texture. Texturally supermature rocks are 
commonly mineralogically mature as well. 
Such textures are most frequently pro- 
duced in high energy settings, especially 
beaches and eolian dunes. 


0.27 mm 


Silurian Clinton Fm. 
Virginia 


A textural inversion—well rounded but 
poorly sorted (possibly bimodal) grains. 
Such textural inversions, while not un- 
common, do indicate unusual environ- 
mental conditions. Possible causes include 
mixing of sediment from two different 
environments, storm mixing of material in 
a high energy environment, or multiple 
sources of sand supply. 


XN 0.38 mm 


Cambrian Hickory Ss. Mbr. of Riley Fm. * 
Texas 


A textural inversion—a bimodal grain size 
distribution. Coarse sand grains are mixed 
together with very fine sand grains with 
few fragments in the intermediate size 
ranges. Such a texture can result from the 
mechanisms outlined in the previous 
example or, in some cases, can be produced 
by burrowing or other jn situ mixing 
processes, 


XN 0.27 mm 


Oligocene Catahoula Tuff 
Texas 


When oriented thin sections are cut {gener- 
ally perpendicular to bedding) from ori- 
ented rock slabs they can be used to do 
quantitative or qualitative grain orientation 
studies. The investigations can be per- 
formed directly on the microscope by 
observing the long axis of grains or by a 
photometric method which integrates the 
extinction behavior of all the grains in a 
field of view. 


0.38 mm 


Jurassic Entrada Ss. 
Utah 


Although orientation studies are most 
easily performed where grains are elongate 
and angular, as in the previous example, 
such studies can also be done on rounded, 
more equant grains as in this example. It 
should be remembered that orientation 
measured in any two-dimensional section 
is an apparent orientation only. Sections 
cut perpendicular to each other should be 
used to establish three-dimensional orienta- 
tion. 


0.27 mm 


Upper Cretaceous Mowry Shale 
Utah 


Grain orientation can be determined in 
fissile shales as well as in coarser grained 
sediments. In this example, clay minerals 
are preferentially oriented and extreme 
changes are noted in overall birefringence 
as the stage is rotated with crossed polari- 
zers. Fissility, slaty cleavage, and other 
similar features can be detected this way. 


XN 0.10 mm 
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Cements 


Pennsylvanian Ricker Ss. Mbr. of Mineral 
Wells Fm. 
Texas 


An early to intermediate stage of quartz 
overgrowth cementation. The detrital 
quartz grains have well developed, clearly 
visible, idiomorphic overgrowths of quartz 
which formed in optical continuity with 
the underlying quartz. These overgrowths 
are readily visible because of abundant 
inclusions trapped at the boundary be- 
tween detrital and authigenic quartz and 
because of the euhedral terminations of 
the overgrowth. 


XN 0.08 mm 


Ordovician St. Peter Ss. * 
Arkansas 


Early stages of quartz overgrowth cementa- 
tion seen in SEM. Numerous very small 
overgrowths give appearance of pitted 
surface on detrital quartz grains. Larger 
overgrowths with smooth crystal faces can 
be seen to be forming simultaneously at 
different places on the grain surface. All 
overgrowths are, however, oriented in the 
same crystallographic direction as the 
detrital nucleus. Photo by E. D. Pittman. 


SEM 55 um 


Pennsylvanian ‘‘Gray Ss."’ (Strawn Gp.) 
1,398 m (4,586 ft) 
Texas 


Intermediate to advanced stage of quartz 
overgrowth cementation in which a signifi- 
cant amount of pore space (shown in blue) 
has been filled. Note euhedral crystal faces 
where overgrowths do not interfere with 
each other, partial visibility of inclusions 
or “dust rims” beneath overgrowths, and 
additional calcite cement. Photo by S. P. 
Dutton. 


0.09 mm 


Upper Permian Bell Canyon Fm. 
Texas 1,396 m (4,580 ft) 


Intermediate to advanced stage of quartz 
overgrowth cementation seen in SEM. 
Individual small overgrowths have coal- 
esced into single, continuous, euhedral 
overgrowths which encompass the entire 
quartz grain and fill a significant portion of 
the total porosity. Quartz cementation is 
partly contemporaneous with, and partly 
prior to, clay cementation. Photo by C. R. 
Williamson. 


SEM 10 um 


Cambrian Gatesburg Fm. * 
Pennsylvania 


Advanced stage of overgrowth cementa- 
tion in which almost all pore space has 
been filled by quartz cement. Boundaries 
between detrital grain nuclei and over- 
growth cement are only weakly visible. 
Contacts between adjacent overgrowths are 
irregular compromise boundaries produced 
by mutual interference during crystal 
growth. 


XN 0.15 mm 


Ordovician Calico Rock Ss. Mbr. 
of Everton Fm, * 
Arkansas 


Advanced stage of overgrowth cementation 
seen in SEM. Interlocking crystal boun- 
daries, lack of porosity, and numerous 
crystal faces which virtually completely 
mask original detrital grains are character- 
istic of this stage of diagenetic alteration. 
Photo by E. D. Pittman. 


SEM 100 um 


Devonian Hoing Ss. Mbr. of Cedar 
Valley Ls. * 
\Ilinois 


~ Quartz overgrowths are commonly difficult 
to recognize in thin section, particularly 
where ‘‘dust rims” and crystal terminations 
are scarce or absent. In this example, 
sutured boundaries between grains might 
well be interpreted as due to compaction 
rather than cementation, although careful 
examination shows thin “dust rims” and 
euhedral crystal terminations to be present. 
Photo by R. F. Sippel. 


0.10 mm 


Devonian Hoing Ss. Mbr. of Cedar 
Valley Ls. * 
Illinois 


Same as previous photo but with cathodo- 
luminescence. Detrital quartz grains lumin- 
esce (orange and blue) and are well 
rounded. Angular, euhedral quartz over- 
growths do not luminesce (because of 
different trace element composition) and 
thus contrast sharply with the detrital 
grains. This technique often can be very 
useful in distinguishing between cementa- 
tion and compaction fabrics. Photo by R. 
F. Sippel. 


CL 0.10 mm 


Jurassic Curtis Fm. 
Utah 


Quartz overgrowth cements are, in some 
instances, selectively located on grains. In 
this example, quartz cementation is con- 
centrated near grain contacts in a 
“meniscus” fabric. This texture has been 
interpreted to be the result of near-surface 
cementation in the vadose zone. In that 
setting, water droplets (and thus cements, 
as well) are concentrated and held at grain 
contacts. 


XN 0.08 mm 


Jurassic Curtis Fm. 
Utah 


Detail of meniscus quartz cement. Over- 
growth quartz is strongly concentrated 
near grain contacts, has curved exterior 
surfaces, and is in optical continuity with 
the underlying detrital quartz. Remnant 
pore space was filled with later sparry 
calcite cement. 


XN 0.06 mm 


Cretaceous Travis Peak Fm. 
Texas 


Quartz grains with overgrowths can be 
reworked into younger sediments. In this 
example, the detrital quartz grain in center 
has overgrowths which were formed before 
deposition of this sediment (during a pre- 
vious sedimentary cycle). An important 
criterion for recognition of multicycle 
sediment, detrital overgrowths are indenti- 
fied by the absence of interlocking of any 
overgrowths, the presence of overgrowths 
only on isolated grains, and (rarely) by the 
presence of rounded or broken termina- 
tions. 


XN 0.10 mm 


Tertiary “Vieja Group’ 
Texas 


Quartz grains derived from volcanic source 
areas may show zonation and rounding 
which closely mimics quartz overgrowth 
cement or second-cycle overgrown grains. 
In this example, the abundant microlites 
and vacuoles in the outer rim allow recog- 
nition of a volcanic source. Quartz over- 
growth cements are normally inclusion 
poor. 


XN 0.08 mm 


Oligocene Catahoula Tuff * 
Texas 


Opal cemented sandstone. Note the brown- 
ish color of cementing opal and the very 
high relief of all the detrital grains enclosed 
in the cement. Both of these effects are 
characteristic of opal cement and are 
produced by the abundance of water- 
filled inclusions in the opal. The inclusions 
account for the very low refractive index 
of opal which is the most easily used 
identifying trait. 


0.38 mm 


Oligocene Catahoula Tuff * 
Texas 


Same view as previous photo but with 
crossed polarizers. Opal cement is com- 
pletely isotropic and surrounds quartz, 
chert, feldspar, and other detrital grains, 
some of which are certainly of volcanic 
origin. Opal cement is frequently associated 
with volcaniclastic (siliceous) sediments. 
Opal cements are chemically metastable 
and will, in time, dissolve or convert to 
more stable quartz cement. 


XN 0.38 mm 


Upper Cambrian Mines Dolomite Mbr. 
of Gatesburg Fm. 
Pennsylvania 


Complex quartz cementation in a silicified 
oolitic limestone. Chertified ooids are 
surrounded by a fringe of fibrous-to-bladed 
chalcedony and the remainder of the 
original pore space is filled with equant 
megaquartz. Crystal size of cements 
increases toward the center of former voids, 
a common feature in cavity-filling fabrics. 


XN 0.38 mm 


Cretaceous Corwin Fm. 
Alaska 


The detrital chert grain in the center of 
photo has typical brownish color of chert 
and contains numerous dolomite inclu- 
sions. Around the margins of the chert 
grain at left and top, one can see a lighter 
colored, jagged line of quartz overgrowth 
crystals. Because the chert is polycrystal- 
line, the overgrowth is polycrystalline as 
well. Microquartz crystals along the peri- 
phery of the chert probably acted as nuclei 
for quartz cement growth. Porosity filled 
with green epoxy. 


0.06 mm 


Cretaceous Corwin Fm. 
Alaska 


Same as previous photo but with crossed 
polarizers. Rhombic inclusions within chert 
have very high birefringence and are dolo- 
mite. Polycrystalline nature of both the 
chert and the cement are apparent. Chert is 
a relatively common cementing agent 
although chert overgrowths are infrequent- 
ly seen. 


XN 0.06 mm 


Cretaceous Travis Peak Fm. 
Texas 


Chert and quartz grains cemented by mega- 
quartz. Each detrital grain has an oriented 
rim of bladed to equant megaquartz (drusy 
quartz). Megaquartz {as opposed to micro- 
quartz) is defined as having crystals larger 
than 20 um. Megaquartz generally forms as 
a void-filling fabric but it can also be a 
replacement. 


XN 0.38 mm 


Eocene Green River Fm. 
Wyoming 


A chalcedony cemented oolitic carbonate 
sediment. Chalcedonic quartz consists of 
small fans of extremely thin, radially 
oriented quartz fibers. It occurs most 
commonly, as in this example, as a void 
filling but is also, more rarely, found as a 
replacement. This type of chalcedony, 
which shows variations in extinction along 
the fiber direction, has been termed 
“zebraic chalcedony” and has been linked 
to evaporite formation. 


XN 0.38 mm 


Upper Cretaceous Kogosukruk Tongue 
of Prince Creek Fm. 
Alaska 


Feldspar overgrowths. A partly altered 
feldspar has been surrounded by an authi- 
genic overgrowth. The overgrowth is large- 
ly inclusion free and unaltered and is 
definitely authigenic because of its inter- 
locking relationships with adjacent grains. 
Feldspar overgrowths, although not 
uncommon, rarely are a major factor in 
sandstone cementation. Most authigenic 
feldspar is a pure Na- or K-spar end 
member. 


XN 0.06 mm 


Upper Cretaceous Kogosukruk Tongue 
of Prince Creek Fm, * 
Alaska 


Feldspar overgrowths on several grains. The 
partially altered detrital cores can be 
readily distinguished by their abundant 
liquid-filled vacuoles. These cores are 
surrounded by clear, unaltered overgrowths 
which have formed in optical continuity 
with the detrital grains. Overgrowths 
interlock slightly with the surrounding 
grains and thus are demonstrably authi- 
genic. Feldspar overgrowths can be mis- 
taken for quartz overgrowths in some cases. 


XN 0.15 mm 


Eocene Ocala Ls. 
Florida 


Carbonate grains can also form overgrowth 
cements. In this example, an echinoderm 
fragment (recognizable by the regular 
pattern of internal pores and the single- 
crystal extinction) has a large calcite over- 
growth tn optical continuity with the core. 
The overgrowth is clear {inclusion poor) 
and has irregular. outlines with some visible 
crystal faces. Such overgrowths commonly 
form early and destroy considerable 
porosity. Note later silica cement lining 
pore spaces. 


XN 0.30 mm 


Pennsylvanian Avis Ss. Mbr. of Graham Fm. 
Texas 


A calcite cemented sandstone. All detrital 
sand grains in this example are held by a 
single calcite crystal (note uniformity of | 
calcite extinction) which has completely 
obliterated porasity. This texture is termed 
“poikilotopic’’ cementation and the rock is 
often referred to as ‘“‘luster mottled”. 
Commonly the rock will have areas tightly 
cemented by poikilotopic calcite and 
other areas lacking all cement—this may be 
related to the occurrence and distribution 
of original shel! debris in the sediment. 


XN 0.30 mm 


Permian Abo Ss. 
New Mexico 


A calcite cemented sandstone in which 
small patches of poikilotopic cement are 
present but in which most of the grains are 
cemented by individual smaller crystals of 
calcite. In general, the size of the calcite 
rhombs is closely related to the size of the 
detrital grains {and the resulting pore 
spaces), 


XN 0.38 mm 


Permian Abo Ss. 
New Mexico 


Detail of a portion of a small patch of 
poikilotopic calcite cement in a sandstone. 
Note the uniformity of calcite extinction 
and the consistency of orientation of twin 
lamellae throughout the cemented area— 
both indicate that the cement is a single 
crystal. Patchy poikilotopic cement is 
commonly related to the presence of 
irregularly distributed nuclei for calcite 
crystallization {shell fragments, pellets, 
etc.). 


XN 0.08 mm 


Upper Cretaceous Star Point Ss. 
(Panther Tongue) 
Utah 


Calcite cementation post-dating quartz 
overgrowths. Calcite is stained red in this 
slide to help distinguish it from dolomite. 
Porosity is shown in blue, Calcite cementa- 
tion can be a rather late diagenetic occur- 
rence which may destroy a_ significant 
amount of porosity. However, calcite 
cement is also susceptible to later dia- 
genetic dissolution and the formation of 
secondary porosity. 


0.06 mm 


Holocene submarine sands 
Persian Gulf 


Carbonate cements can have textures 
which may provide information about 
their time and place of origin. This 
example shows radial, fibrous crusts of 
aragonite cement which have nucleated on 
thin oolitic coatings around detrital quartz 
grains. This fabric is characteristic of 
submarine to intertidal cements produced 
in marine settings contemporaneous with 
deposition of the sediment. 


0.10 mm 


Holocene submarine sands 
Persian Gulf 


Another example of submarine cementa- 
tion of sandstone by aragonite. Fibrous 
aragonite crystals are densely packed in 
radiating clusters and have nucleated pref- 
erentially on carbonate rather than quartz 
substrates. Although this is a very charac- 
teristic and recognizable fabric, aragonite 
is unstable in most geologic settings and 
this cement will alter to calcite or will be 
removed by dissolution with time. The 
radial fibrous fabric may be preserved in 
some cases, however. 


XN 0.22? mm 


Quaternary caliche crust 
Texas 


An irregularly laminated, pisolitic, calcitic 
crust binds carbonate and noncarbonate 
grains together in this caliche (calcrete). 
Such crusts, which form in arid climates 
in most cases, are important indicators of 
subaerial exposure and weathering. The 
thin, brownish, laminated crusts, fracturing 
of grains, marginal dissolution of quartz, 
pisolites, and interlocking grain textures 
are aids in recognition of caliche crusts. 


1.24 mm 


Lower Triassic Bunter Ss. 
Northern Ireland 


Dolomite cement in a hematitic sandstone. 
Dolomite is generally characterized by 
euhedral, rhombic crystal outlines; lack of 
twinning, and very high birefringence. It is 
difficult to distinguish from calcite which 
has very similar birefringence, crystallo- 
graphic structure, and optical properties. 
Although the euhedral shape and lack of 
twinning of dolomite help to distinguish it 
from calcite, staining is the most accurate 
and rapid identification tool. 


XN 0.10 mm 


Upper Mississippian-Permian Nuka Fm. 
Alaska 


A dolomite cemented sandstone. Dolomite 
is recognizable in this case by its rhombic 
outline, lack of twinning, and sharply 
defined zonation. The zoning consists of 
alternating intervals of iron-rich (ankerite) 
and iron-poor dolomite. The cores of these 
dolomite crystals may be detrital, but the 
outer zones are authigenic as evidenced by 
the fact that they partly interlock and 
surround detrital grains. 


XN 0.24 mm 


Upper Permian Bell Canyon Fm. 
Texas 1,507 m (4,943 ft) 


Pore filling authigenic dolomite and clay in 
a sandstone. In SEM, dolomite commonly 
shows a euhedral, rhombic outline. In this 
example, the dolomite growth was subse- 
quent to the formation of chloritic clay 
cements. Photo by C. R. Williamson. 


SEM 8 um 


Pennsylvanian Tensleep Ss. 
Wyoming 1,967 m (6,455 ft) 


Calcite- and dolomite-cemented sandstone. 
The calcite cement has been stained red, 
the dolomite cement is distinguished by 
moderate relief, rhombic outline, brownish 
color and lack of response to stain. Note 
patchy distribution of calcite cement, a 
common feature in many sandstones. Blue 
stain marks pore space. 


0.27 mm 


Pennsylvanian Tensleep Ss. * 
Wyoming 1,967 m (6,455 ft) 


Detail of previous example showing associ- 
ation of dolomite and calcite cements in 
sandstone pore space. Staining is an inex- 
pensive, convenient, and invaluable tool for 
the distinction of these two petrographical- 
ly similar minerals. Calcite is stained red by 
Alizarin Red whereas dolomite remains 
unaffected. Without staining the distinc- 
tion of these two minerals would be very 
difficult in this example. 


XN 0.10 mm 


Lower Cretaceous sandstone 
COST No. B-2 well 
U.S. Atlantic offshore 3,911 m (12,830 ft) 


Siderite cemented sandstone. Siderite is a 
common cement in subsurface sandstone 
sections although it is frequently misidenti- 
fied or overlooked. The finely crystalline 
siderite in this example shows a character- 
istic “flattened rhomb” outline. Siderite 
has both indices of refraction well above 
that of balsam and thus does not “‘twinkle”’ 
with stage rotation. 


0.06 mm 


Lower Cretaceous sandstone 
COST No. B-2 well 
U.S. Atlantic offshore 3,911 m (12,830 ft) 


Detail of previous example illustrating the 
flattened rhombic outline and typical 
brownish color of siderite. Siderite, like 
both calcite and dolomite, has a uniaxial 
negative figure and extreme birefringence. 
Yellow-brown color is a result of partial 
alteration to limonite. Siderite is an indi- 
cator of moderate to strongly reducing 
conditions during formation. 


0.05 mm 


Upper Cretaceous Upper Logan 
Canyon Fm. 
Canada (Scotian Shelf) 1,683 m (5,520 ft) 


Early diagenetic siderite cement in a 
quartzarenitic sandstone. Small siderite 
crystals line pore spaces and perhaps 
marginally replace quartz grains. Remnant 
porosity is shown ijn blue. Crystal outlines, 
relatively high relief, and brownish color 
can be used to identify siderite in this 
example. Photo by D. A. McDonald. 


0.40 mm 


Upper Cretaceous Woodbine Fm. * 
Texas 


Hematite-cemented sandstone. This is a 
section thinner than the standard 30 ym. 
Normally hematite would be visible only as 
an opaque filling between grains. In very 
thin sections and with intense transmitted 
light, however, one can sometimes see, as 
here, bladed crusts of deep red hematite 
crystals. Hematite is generally indicative 
of oxidizing conditions although it can 
form at high pH in mildly reducing environ- 
ments. 


XN 0.38 mm 


Upper Triassic New Haven Arkose 
Connecticut 


A more common form of hematite cemen- 
tation than that shown in previous example 
is illustrated here. Thin crusts, flakes, or 
scales of hematite, commonly interspersed 
with clays, line quartz and other detrital 
grains. Hematite is apparently mainly 
derived from the breakdown of unstable 
iron-bearing heavy minerals and even small 
amounts of such cement can yield a 
strongly pigmented redbed sediment. 


0.06 mm 


Miocene ‘Hayner Ranch Fm.’ 
New Mexico 


Extensive hematite cement in association 
with a partially corroded detrital horn- 
blende crystal. Intrastratal dissolution of 
unstable, detrital ferromagnesian minerals 
is an important source of diagenetic iron 
oxides, especially in sediments deposited 
in arid conditions where such unstable 
detrital grains were not removed during 
initial weathering. Porosity and translucent 
grains both appear pale blue in this photo. 
Photo by T. R. Walker. 


RTL 0.07 mm 


Triassic Moenkopi Fm. 
Arizona 


SEM view of finely crystalline, red, authi- 
genic hematite coatings on detrital sand 
grains. The hematite occurs as very finely 
crystalline platy material which is aggre- 
gated into rosette-like clusters not unlike 
some clay minerals, especially chlorite. 
Photo by T. R. Walker. 


SEM 1.0 um 


Triassic Moenkopi Fm. 
Arizona 


Finely crystalline and coarsely crystalline 
authigenic hematite as seen in SEM. The 
coarser material occurs as platy, hexagonal 
crystals (similar in appearance to kaolinite 
crystals), and is dark red to black in 
reflected light. The more finely crystalline 
hematite is similar to that shown in the 
previous photo and appears medium red in 
reflected light. Photo by T. R. Walker. 


SEM 1.2 um 


Cambrian Hickory Ss. Mbr. of Riley Fm. 
Texas 


Hematite cements can form quite late in 
the diagenetic history of sediments. In this 
example, thin hematitic films coat numer- 
ous hairline fractures produced by intense 
deformation (almost mylonitization) of the 
sediment. Thus, hematite formation can be 
dated as clearly post-deformational. 


0.22 mm 


Pleistocene Colorado River terrace deposits 
Texas 


A limonite- (goethite-) cemented sandstone. 
Rounded quartz and microcline grains are 
coated by crusts of pore-filling limonite. 
In intense transmitted light (especially 
with the conoscopic condenser in place) 
limonite appears yellow brown, Limonite 
is commonly associated with continental 
sediments, weathering profiles, and the 
oxidation of precursor iron-rich minerals. 


XN 0.38 mm 


Pliocene Bone Valley Fm. 
Florida 


A phosphate-cemented sandstone contain- 
ing quartz and phosphate clasts. Detrita! 
phasphate grains, in this example, appear 
completely isotropic or have extremely low 
birefringence. Phosphatic cement, com- 
posed primarily of wavellite, has moderate 
birefringence and radiating, fibrous crystal 
structure. Phosphate cements are most 
common in sediments with abundant 
detrital phosphate or in association with 
hiatus intervals, 


XN 0.10 mm 


Permian Phosphoria Fm. 
Idaho 


A phosphate-cemented sandstone. The 
rock consists of quartz, bone fragments, 
and other grains oalitically coated by 
phosphate and then completely cemented 
by further phosphate and carbonate pre- 
cipitation. The brownish color is typical 
of phosphate (collophane or other apatite 
minerals). Phosphate deposits of this type 
may mark zones of upwelling of cool, 
phosphate-saturated, deep-ocean waters on 
ancient continental margins, other zones of 
high biological productivity, or hiatus 
intervals. 


0.24 mm 


Permian Phosphoria Fm. 
Idaho 


Same as previous photo but with crossed 
polarizers. Phosphatic oolitic coatings and 
phosphatic cement can be seen to be 
virtually isotropic; phosphatic bone frag- 
ments found as nuclei have very low bire- 
fringence. The birefringent material filling 
residual porosity is calcite. 


XN 0.24 mm 


Lower Cretaceous Gault Fm. 
England 


A phosphate-cemented sandstone. Sand. 
sized grains of quartz and glauconite are 
encased in a pore-filling phosphatic cement 
which completely obliterated porosity. 
This cement has patchy, concretionary 
distribution concentrated within certain 
bedding-parallel intervals which appear to 
be horizons of especially slow sedimenta- 
tion jn a shallow marine environment. 


0.30 mm 


Lower Cretaceous Gault Fm. 
England 


Same as previous view but with crossed 
polarizers. Phosphate-cemented areas, 
which appeared as brownish material in 
the previous photo, appear isotropic under 
cross-polarized light, This apparent iso- 
tropism is a function of the very low bire- 
fringence of calcium fluorapatite coupled 
with very fine crystal size, Detrital quartz 
grains are abundant and numerous glauco- 
nite grains, characterized by a granular, 
greenish-brown, anomalous birefringence, 
can be seen, 


XN 0.30 mm 


Pennsylvanian ‘Gray Ss.’ of Strawn Gp. * 
Texas ca. 1,370 m (4,500 ft) 


Abarite- and kaolinite-cemented sandstone. 
Kaolinite is the vermicular material with 
abundant intercrystalline porosity (pore 
space filled with blue plastic). Barite is the 
large, orthorhombic mineral with excellent 
cleavages and a refractive index higher 
than balsam. Barite commonly occurs as 
a cement in sandstones, as a replacement of 
limestones, or as hydrothermal, metallif- 
erous veins. Photo by S. P. Dutton. 


0.04 mm 


Mississippian limestone 
lreland 


The entire photo shows barite crystals 
from a hydrothermal vein in limestone. 
The birefringence of barite is very near that 
of quartz but barite can be distinguished 
by its higher refractive index, biaxial figure, 
orthorhombic crystal form, and two 
perfect cleavages (with one additional poor 
cleavage). In hand sample, barite is also 
distinguishable by its high density, 


XN 0.38 mm 


Holocene sabkha sands 
Abu Dhabi 


A gypsum-cemented sandstone. A single 
crystal of gypsum encompasses all the 
detrital carbonate and clastic grains in the 
field of view in a poikilotopic or “‘luster- 
mottled’’ texture. This thin section is 
slightly thicker than the standard 30 um 
so the gypsum shows unusually high bire- 
fringence colors (first-order gray is more 
typical). Although this cement obliterates 
porosity it has the potential to be leached 
in subsurface environments. 


XN 0.30 mm 


Pennsylvanian Tensleep Ss, * 
Wyoming 5,253 m (17,236 ft) 


Anhydrite-cemented sandstone. The anhy 
drite is characterized by third-order green 
birefringence colors, three  distinct-to- 
perfect cleavages, and a slight etching of 
the surface (which causes the mottled 
appearance of the birefringence colors) 
produced during section grinding. As with 
gypsum and other evaporite cements, there 
exists significant potential for secondary 
porosity in anhydrite-cemented sands. 


XN 0.10 mm 


Upper Mississippian-Permian Nuka Fm. 
Alaska 


Glauconite-cemented calcareous sandstone. 
The grains with extreme birefringence are 
calcitic echinoderm fragments; quartz 
grains with low birefringence colors are 
also present. Greenish interstitial material 
is glauconite which is only rarely found as 
a cementing agent although it commonly 
fills small voids such as foraminiferal 
chambers. Glauconite cements are proba- 
bly restricted to marine units. 


XN 0.30 mm 


Upper Cretaceous Kogosukruk Tongue of 
Prince Creek Fm. 
Alaska 


Clay minerals are a very important 
cementing agent in many sandstones. In 
this example, early stages of clay cementa- 
tion are visible with thin, authigenic 
coatings of clays having formed around 
most of the detrital grains. Pore space is 
shown in bluish-green. Even such thin 
coatings may serve to isolate the grains 
from the pore fluids and thus inhibit 
alteration or cementation processes. 


0.15 mm 


Upper Cretaceous Kogosukruk Tongue of 
Prince Creek Fm. 
Alaska 


Close-up view of clay coatings from same 
sample as in previous illustration. Clays 
(probably mainly smectite-illite) form 
complete but thin coatings around detrital 
grains. Note brownish color and moderate- 
ly high birefringence of clay films. Detrital 
grains in this example include chert and 
quartz. 


XN 0.10 mm 


Upper Cretaceous Frontier Fm. 
Wyoming ca. 610 m (2,000 ft) 


SEM view of a smectite (montmorillonite) 
clay coating on a detrital quartz sand grain. 
In this case, the clays form a relatively 
dense and smooth coating (center of 
photo) on the detrital grain surface (lower 
left). Remnant porosity is visible in upper 
right. Photo by E. D. Pittman. 


SEM 5 um 


Quaternary soil 
Australia 


Clay minerals can, in some cases, form 
relatively early in the diagenetic history of 
sediments. Clays in this example include 
material which has infiltrated into the 
sediment as well as clays which have been 
neoformed. Podzolic soils such as this are 
subjected to intense eluviation which 
involves mechanical transport of clays as 
wel! as the neoformation of clay minerals 
from material carried in solution. Photo by 
E. F. McBride. 


0.30 mm 


Quaternary soil 
Australia 


Same view as previous photo but with 
crossed polarizers. Neoformed clay minerals 
are visible, in association with iron oxides 
and hydroxides, filling small pore spaces 
throughout this soil, forming rims around 
detrital grains, and producing a thick crust 
at the right side of the photo. Photo by 
E. F. McBride. 


XN 0.30 mm 


Lower Permian Brushy Canyon(?} Fm. 
Texas 


Relatively early diagenetic clay formation. 
Very thin clay rinds surround detrital 
quartz grains and are covered by subse- 
quently formed quartz overgrowth cement 
and still later by diagenetic calcite. Clay 
coatings are presumably discontinuous 
because complete covering of the detrital 
quartz by clays would have prevented 
overgrowth formation. Although probably 
not detrital, these clay films may have 
formed during or right after deposition. 


XN 0.025 mm 


Upper Cretaceous Kogosukruk Tongue of * 
Prince Creek Fm. 
Alaska 


Clay coatings of moderate thickness can 
have a remarkably important effect in 
reducing the permeability of sandstones. 
Here, brownish crusts of authigenic clay 
cements completely line pores and, in some 
places, bridge pores. This may drastically 
reduce pore throat sizes as well as effective 
porosity and permeability. 


0.025 mm 


Lower Permian Rotliegendes Ss. 
British North Sea 2,771 m (9,092 ft) 


Authigenic clays (mainly illite) coating 
detrital quartz grains. Wispy terminations 
of clays extend into, and partially bridge, 
pores. Although considerable porosity 
remains, much of it is isolated by the 
narrowness of the connecting pore throats. 
Photo by E. D. Pittman. 


SEM 22 um 


Lower Permian Rotliegendes Ss. * 
British North Sea ca. 1,980 m (6,500 ft) 


Authigenic illite coatings on detrital sand 
grains. In this example, the illite cement 
forms a thick grain coating as well as 
completely bridging pores in numerous 
places. Fluid movements would be greatly 
retarded by such cementation. Photo by 
E. D. Pittman. 


SEM 22 um 


Upper Jurassic Salt Wash Mbr. of 
Morrison Fm. 
Colorado 


Clay cementation can proceed to the point 
of complete occlusion of porosity, as in 
this example. Diagenetic clay minerals can 
form from the alteration of precursor clays, 
from degradation of unstable detrital 
grains, or, possibly, they may be produced 
from component materials which have 
undergone long-distance transport in solu- 
tion. In any case, an increase in overall 
grain volume may lead to significant overall 
porosity reduction. 


0.06 mm 


Miocene Cierbo and Neroloy Ss. * 
California 


Radial, fibrous, clearly authigenic smectite 
(montmorillonite) clay films coating detri- 
tal sand grains. A pore-lining fabric of 
strongly oriented grains is an excellent 
indicator of an authigenic origin of clays. 
The presence of such clay films clearly has 
destroyed some porosity {shown in pale 
green) but it may also have prevented 
overgrowth cementation of quartz and 
other minerals. 


0.04 mm 


Miocene Cierbo and Neroloy Ss. * 
California 


Same view as previous photo but with 
crossed polarizers. Note high birefringence 
of the authigenic, grain-coating clay films. 
X-ray diffraction analyses have shown that 
smectite is the major clay mineral in this 
rock; petrographic observations are neces- 
sary, however, to determine the authigenic 
nature of the clays and their distribution 
within the rock. 


XN 0.04 mm 


Upper Cretaceous Frontier Fm. 
Wyoming ca. 610 m (2,000 ft) 


Authigenic smectite (montmorillonite) as a 
cementing agent in a sandstone. The highly 
crenulate, honeycombed, interlocking 
crystals are typical of montmorillonite in 
SEM view. The smooth fusing of adjacent 
crystals serves to distinguish these crystals 
from chlorite. The high degree of crystal- 
linity shown in these clays is a strong 
indicator of an authigenic origin; this 
criterion is valid for other clay minerals 
as well. Photo by E. D. Pittman. 


SEM 3.3 um 


Lower Cretaceous Patula Arkose 
Mexico 


A chlorite cemented sandstone. Authigenic 
clay formation has extended beyond the 
“film” stage and has completely obliterated 
porosity. The light olive-green color is 
typical of chlorite. Under higher magnifi- 
cation the chlorite can be seen to occur as 
coarsely crystalline, fibrous crusts which 
line pores and are clearly authigenic. 


0.10 mm 


Lower Cretaceous Patula Arkose * 
Mexico 


A different field of view from same sample 
as above. Using polarized light one can see 
the radial development of authigenic 
chlorite crusts. Note the “ultra-blue”’ 
anomalous birefringence colors character- 
istic of chlorite. Chlorite is an important 
cementing agent in many _ sandstones, 
especially in areas of deep burial. 


XN 0.10 mm 


Upper Triassic New Haven Arkose 
Connecticut 


Authigenic vermicular chlorite. Chlorite (as 
well as kaolinite and vermiculite) some- 
times assumes this vermicular growth form 
as “books” or “worms” of clay plates. 
Note the “‘ultrablue’’ extinction colors 
typical of chlorite. Some authigenic illite- 
sericite is also visible in this sample. 


XN 0.12 mm 


Upper Cretaceous Tuscaloosa Fm. * 
Louisiana 6,137 m (20, 136 ft) 


Authigenic chlorite cement can have a wide 
variety of crystal morphologies. In this 
example, chlorite occurs as_ individual 
idiomorphic crystals which are plate-like 
and are attached to the detrital sand grains 
along their thin edge. This is perhaps the 
most common morphology for authigenic 
chlorite. Photo by G. W. Smith. 


SEM 3.5 um 


Oligocene Frio Fm. 
Texas 


Authigenic chlorite cement in the form of 
rosette-shaped clusters associated with 
larger authigenic quartz crystal. This com- 
mon growth morphology can form either 
as a pore lining or pore filling texture. The 
individual crystals are characterized by 
having smooth but lobate edges which 
helps to differentiate them from super- 
ficially similar kaolinite or cristobalite 
spherules. Photo by E. D. Pittman. 


SEM 4 um 


Upper Triassic New Haven Arkose 
Connecticut 


A dominantly illite-sericite cemented sand- 
stone. The clays in this example consist of 
a complex mixture of some kaolinite and 
chlorite plus very abundant illite-sericite. 
Some of the clay is detrital matrix, some is 
produced by /n situ alteration of unstable 
minerals, and some is clearly authigenic 
cement. Defining exact amounts of each of 
these categories is most difficult. Illite- 
sericite is recognized here by is relatively 
high birefringence and coarse texture. 


XN 0.15 mm 


Lower Permian Rotliegendes Ss. * 
British North Sea ca. 1,980 m (6,500 ft) 


SEM view of authigenic illite cement in a 
sandstone. This delicate growth form, 
consisting of sheets with wispy to latch- 
like terminations, is the most common 
habit for illitic cements in sandstones. Pure 
illites can be confused with mixed-layer 
montmorillonite-illite. Identifications 
should, therefore, be checked with X-ray 
diffraction. Photo by E. D. Pittman. 


SEM 7 um 


Lower Cretaceous Muddy Ss. 
Wyoming 


Kaolinite cemented sandstone. Kaolinite 
(with small amounts of illite) formed at 
least partly authigenically, completely 
obliterating porosity in this sample. Brown- 
ish color is produced by optical effects 
related to the overlap of numerous small 
clay flakes and by minute inclusions within 
the clays. 


0.04 mm 


Lower Cretaceous Muddy Ss. 
Wyoming 


Same view as previous photo but with 
crossed polarizers. Kaolinite cement shows 
characteristic low birefringence. The 
coarser, higher birefringent clay minerals 
in this example are mainly illite. Kaolinite 
is a very common cementing agent in 
sandstones, although it commonly only 
partially fills pore spaces. 


XN 0.04 mm 


Triassic Dockum Gp. * 
Texas 


Vermicular kaolinite-dickite filling pore 
space {marked by blue-stained plastic) in 
a sandstone. Individual vermicular stacks 
commonly completely bridge pores and 
sharply reduce overall permeability. 
Porosity, however, is rarely completely 
obliterated as is evident from this example 
showing extensive remnant intercrystalline 
porosity. Note deformed muscovite flake 
(top center) and leached grain (left edge). 


0.05 mm 


Triassic Dockum Gp. * 
Texas 


Same view as previous photo but with 
crossed polarizers. Kaolinite is readily 
identified by its vermicular texture in this 
example, coupled with its low birefrin- 
gence. Kaolinite is very difficult to dis- 
tinguish from dickite using either light 
microscopy or SEM; the minerals can be 
readily distinguished using X-ray diffrac- 
tion, however. 


XN 0.05 mm 


Eocene Huerfano Fm. 
Colorado 


Vermicular kaolinite encased in a calcite 
cement crystal. In this example, vermicular 
stacks of kaolinite partially filled pore 
space in a sandstone. Subsequent forma- 
tion of coarsely crystalline calcite cement 
led to the incorporation of the highly 
porous kaolinite within the calcite. 


XN 0.05 mm 


Upper Cretaceous Tuscaloosa Fm. * 


Louisiana 4,923 m (16,150 ft) 


Kaolinite and dickite are characterized in 
SEM by vermicular stacks of pseudohexa- 
gonal plates and thus are, perhaps, the 
most readily recognizable of all the clays. 
The vermicular kaolinite stacks seen here 
are generally curved and intertwining, with 
considerable intercrystalline porosity (this 
is presumably associated with very low 
intercrystalline permeability, however, 
because of the small pore diameters). 
Photo by G. W. Smith. 


SEM 5 um 


Tertiary ‘Vieja Group’ * 
Texas 


A zeolite cemented sandstone. Radiating 
clusters of needle-like crystals of mor- 
denite(?) have cemented and partially 
replaced this volcaniclastic sediment. Zeo- 
lites have a wide range of compositions, 
textures, and optical properties. Because of 
their generally fine grain size, and low 
birefringence they are commonly over- 
looked or misidentified. Nevertheless, 
zeolites can be very important cementing 
agents, especially in volcaniclastic sedi- 
ments. 


XN 0.38 mm 


Tertiary sediment 
Oregon 


Mordenite in SEM view. The individual, 
interlocking, oriented fibrous crystals are 
clearly visible. Most zeolites, including 
mordenite, are commonly associated with 
volcanic material (especially vitric rhyolite 
ash). They also occur frequently in ash- 
rich, restricted, alkaline lake beds and as 
burial-diagenetic or low-grade metamorphic 
minerals. Photo by A. J. Gude, III. 


SEM 1.3 um 


Holocene and Pleistocene Honolulu 
Volcanics 
Oahu, Hawaii 


Phillipsite spherule surrounded by calcite 
in a palagonite tuff. Phillipsite, a mono- 
clinic zeolite, has optical properties similar 
to most other common _= sedimentary 
zeolites—very low birefringence, low index 
of refraction, and very fine crystal size. 
Phillipsite has been recognized in lacustrine 
sediments as well as in deep marine sections 
of slowly deposited, volcanically derived 
sediments. 


XN 0.025 mm 


Pliocene Big Sandy Fm. 
Arizona 


Phillipsite soherule in SEM. This example is 
from tuffaceous sediments in an arid non- 
marine environment (fluviatile and lacus- 
trine). Although phillipsite is commonly 
spherulitic, it may also be found as a 
pseudomorph after shards, as prismatic 
crystals, or as fibers. Photo by A. J. Gude, 
HN. 


SEM 5 um 


Pleistocene sediment, Lake Tecopa 
California 


Erionite crystals in an altered rhyolitic 
vitric tuff. Erionite (a zeolite) typically has 
a prismatic or acicular habit but here is 
seen as oriented bundles of radiating 
crystals. Erionite has a low refractive 
index and a relatively higher birefringence 
for a zeolite (although its birefringence is 
still considerably lower than that of 
quartz). 


XN 0.06 mm 


Pleistocene sediment, Lake Tecopa 
California 


Erionite crystals in SEM. Orthorhombic, 
striated, partly intergrown, needle-like 
crystals are typical of erionite morphology. 
This sample is from altered tuffaceous 
sediments deposited in an alkaline lake. 
Photo by A. J. Gude, III. 


SEM 5 um 


Tertiary ash flow tuff 
New Mexico 


Relatively large prismatic to platy crystals 
of clinoptilolite line molds of former glass 
shards preserving the relict vitroclastic 
texture. Clinoptilolite, a zeolite of the 
heulandite structural group, is one of the 
most common zeolites found in sedimen- 
tary rocks. It has been described from 
fluvial, lacustrine, and marine settings, 
and in rocks as old as Jurassic. Low bire- 
fringence and low refractive index are 
characteristic. 


XN 0.06 mm 


Miocene Barstow Fm. 
California 


Clinoptilolite in SEM view. Although 
clinoptilolite can be identified using a 
combination of standard petrography and 
SEM examination, X-ray analysis is the 
most certain method of identification. In 
SEM, clinoptilolite commonly appears as 
jumbled stacks of platy crystals, as in this 
example from altered tuffaceous sediments. 
Photo by A. J. Gude, III. 


SEM 5 um 


Paleocene Poison Canyon Fm. 
Colorado 


A laumontite cemented arkosic sandstone. 
Laumontite is one of the few zeolites 
which is not restricted to tuffaceous sedi- 
mentary rocks. In this example, laumontite 
occurs both as a coarse, pore-filling cement 
and as a replacement of alkali feldspars. 
It is recognized by its yellowish color with 
crossed polarizers (birefringence slightly 
higher than quartz) and by the common 
presence of two cleavages. It is an im- 
portant burial-diagenetic cementing agent 
in many areas. 


XN 0.10 mm 


Pleistocene sediment, Lake Tecopa 
California 


Searlesite filling large voids and pseudo- 
morphic glass shards in a tuffaceous sedi- 
ment. Searlesite, a monoclinic zeolite, has 
low birefringence (similar to that of 
quartz), commonly has prismatic crystals 
which show good 100 cleavage, and nor- 
mally forms relatively late in the paragenet- 
ic sequence of zeolites in tuffs. 


XN 0.10 mm 


Pliocene Big Sandy Fm. 
Arizona 


Chabazite, a well crystalized zeolite which 
is moderately common in upper Tertiary 
lacustrine tuffaceous units. A hexagonal 
mineral, chabazite commonly has euhedral 
rhombohedral crystals which make it quite 
distinctive from most other zeolites in 
SEM. Photo by A. J. Gude, III. 


SEM 3 um 


Pliocene Big Sandy Fm. 
Arizona 


Analcime (analcite) is one of the most 
abundant zeolites in sedimentary rocks, 
especially in older sedimentary units. It 
is one of the few zeolites which occurs in 
rocks lacking vitric material as well as in 
tuffaceous rocks. Analcime commonly has 
euhedral to subhedral crystals of moderate 
size. Its birefringence is extremely low to 
isotropic. It is most easily identified using 
X-ray or SEM techniques. 


SEM 12 um 


Miocene and Pliocene Monterey Fm. 
California 


Hydrocarbons such as oil and aphaltic 
residues may also effectively fill pore space 
in sandstones. In this example of a tar 
sand, amorphous, brownish-to-black, semi- 
solid petroleum hydrocarbons line and 
extensively fill pore space. Distinction of 
hydrocarbons from clays and other fine- 
grained cements is sometimes facilitated 
by fluorescence with ultraviolet light (for 
“‘live’”’ oil) or by extraction with solvents. 


0.22 mm 


Pennsylvanian Strawn Gp. * 
Texas 


Another exampie of pore-filling hydrocar- 
bons, in this case, largely “dead” oil. Note 
bridging of pore space in some areas by 
thick films of oil. Distinction of hydro- 
carbons from clays can be quite difficult 
where “dead” oil is involved. Hydrocarbon 
cementation can be very effective in 
reducing permeability, especially where 
bridging of pores is prevalent. 


0.27 mm 


Cambrian Old Fort island Ss. 
Canada (N.W.T.) 


Complex cementation of sandstone. Quartz 
overgrowth cementation was followed by 
complete porosity occlusion by dolomite 
formation. Subsequent partial dissolution 
of dolomite yielded secondary porosity 
which was partly filled with bitumen. 
Thus, in this example, petrographic analysis 
establishes the time of oj! migration as 
being subsequent to quartz-dolomite 
cementation and secondary porosity form- 
ation. Photo by D. A. McDonald. 


0.15 mm 


Pennsylvanian Ricker Ss, Mbr. of 
Mineral Wells Fm. 
Texas 


The establishment of paragenetic sequences 
of cementation, deformation, dissolution, 
and other diagenetic factors is one of the 
most important products of petrographic 
analysis. Here, quartz overgrowths were 
the earliest cementation event and were 
followed by complete porosity destruction 
through hematite formation. Quartz over- 
growths are recognizable primarily because 
of their euhedral crystal terminations. 


0.10 mm 


Lower Permian Brushy Canyon Fm. 
Texas 


Complex cementation of sandstone. Quartz 
overgrowths formed as the first generation 
of cement and were followed by calcite 
which both filled pore space and marginal- 
ly replaced the quartz overgrowths. Such 
textural relationships can be determined 
with relatively little expense in time and 
effort using petrography. 


XN 0.06 mm 


Upper Cretaceous Frontier Fm. 
Wyoming ca. 610 m (2,000 ft) 


Multiple stages of cementation and their 
relative timing can also be determined 
using SEM techniques. In this example, 
montmorillonite coats detrital grains and is 
followed by a later generation of kaolinite 
cement (upper part of photo). Photo by 
E. D. Pittman. 


SEM 7 um 


Upper Cretaceous Tuscaloosa Fm. * 
Louisiana 5,073 m (16,645 ft) 


An example of multiple generations of 
cementation visible using SEM. Detrital 
grains are completely coated with a rind of 
radially oriented, platy chlorite crystals. 
These are succeeded by a second genera- 
tion of kaolinite (or dickite) cement in the 
form of short, vermicular stacks of pseudo- 
hexagonal crystals. Considerable remnant, 
intercrystalline porosity can still be seen. 
Photo by G. W. Smith. 


SEM 12 um 
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Replacement 
or 
Displacement 
Fabrics 


Upper Cretaceous Monte Antola Fm. 
Italy 


Authigenic pyrite crystals. Pyrite com- 
monly forms as a replacement of organic 
matter or in close proximity to zones of 
concentrated organic material. Opaque in 
reflected light, pyrite is most readily identi- 
fied using reflected light because of its 
characteristic yellow-gold metallic appear- 
ance. This example is probably a replace- 
ment of detrital plant fragments. 


0.10 mm 


Upper Triassic Brunswick Fm. * 
New Jersey 


Authigenic pyrite crystals which have 
formed as a replacement or displacement 
in shale. Although detrital and synsedimen- 
tary pyrite occur, most pyrite in sedimen- 
tary rocks is of diagenetic origin. Crystals 
are generally cubes, pyritohedrons, or 
octahedrons, and they form most common- 
ly under reducing conditions. 


0.27 mm 


Upper Triassic Brunswick Fm. * 
New Jersey 


A view similar to the one above but using 
reflected light. Cubic pyrite crystals of 
authigenic origin are scattered through an 
illitic- and chloritic- clay matrix in this 
lacustrine sediment. Pyrite is readily 
identifiable here because of its character- 
istic yellowish, metallic appearance and its 
cubic crystal form. 


RL 0.22 mm 


Upper Cretaceous Atco Fm. 
(Austin Group) 
Texas 


An SEM view of authigenic pyrite crystals 
in a limestone. As with most pyrite, this 
example shows euhedral crystals which 
partly interlock and which have formed by 
replacement. 


SEM 35 um 


Upper Cretaceous Chalk 
British North Sea 378 m (1,240 ft) 


SEM view of framboidal pyrite. Framboids 
are small clusters of minute, interlocking 
pyrite crystals with smooth, almost per- 
fectly spherical exterior surfaces. These 
can form singly or in groups as authigenic 
replacements in limestones and other 
sedimentary rocks. 


SEM 3 um 


Devonian Cairn Fm. 
Canada (Alberta) 


Authigenic quartz replacing a carbonate 
rock. Evidence for the authigenic origin of 
these quartz grains includes the euhedral 
terminations, the large number of carbon- 
ate inclusions, and the cross-cutting textur- 
al relations. Such replacement crystals 
commonly (though not always) form as 
very large overgrowths of detrital quartz 
silt or sand grains. 


XN 0.27 mm 


Devonian Cairn Fm. * 
Canada (Alberta) 


Authigenic quartz crystals in a limestone. 
Numerous crystals with euhedral, bipy- 
ramidal outlines can be seen. In some 
cases, a nucleus of detrital quartz silt can 
be seen. Note presence of abundant car- 
bonate inclusions within these crystals of 
replacement origin. 


XN 0.27 mm 


Cambrian Conococheague Ls. 
Virginia 


Authigenic quartz in a limestone. Although 
the quartz grain in the center of the photo 
appears to be a replacement product, its 
position within a small, indistinct vein and 
its lack of inclusions of carbonate sediment 
argue for a pore filling origin within an 
originally unfilled fracture. Careful petro- 
graphic observation commonly is necessary 
to distinguish replacement versus void- 
filling textures. 


0.38 mm 


Oligocene Frio Fm. 
Texas 3,068 m (10,066 ft) 


Authigenic quartz crystals in a sandstone. 
In SEM, authigenic quartz is recognized 
primarily by its euhedral, bipyramidal 
outline. Although textural relations are 
commonly difficult to decipher in SEM, 
this example appears to show quartz 
forming as a void filling rather than as a 
replacement. Note orientation of crystals 
and increase of crystal size toward viewer 
(cavity center). 


SEM 3.3 um 


Upper Cretaceous Monte Antola Fm. 
Italy 


Authigenic-feldspar replacement of lime- 
stone. Authigenic feldspars in carbonate 
rocks are most commonly (as here) of 
albite composition although microcline 
also occurs. Detrital nuclei are commonly 
present and abundant carbonate inclusions 
serve to confirm an authigenic origin. 


XN 0.06 mm 


Pliocene Big Sandy Fm. 
Arizona 


Authigenic feldspar crystals in SEM. These 
are potassium feldspars which have formed 
as a replacement of analcime (a zeolite) 
in tuffaceous lacustrine rocks. The crystals 
are euhedral to subhedral, partly inter- 
grown, and 4 to 8 um in size. Photo by 
A. J. Gude, Ill. 


SEM 3 um 


Pennsylvanian-Permian Sangre 
de Cristo Fm. 
New Mexico 


Calcite replacement of a detrital plagioclase 
feldspar. This is a fairly common type of 
replacement; subsequent dissolution of the 
replacement calcite can account for much 
of the secondary porosity associated with 
feldspars. Note relicts of twinned feldspar 
still preserved within the calcite crystals. 
Calcite replacement is most common in 
calcic plagioclases and may selectively 
replace certain zones. 


XN 0.08 mm 


Upper Cretaceous Star Point Ss. 
Utah 


Dolomite in a chert clast. Determination of 
a paragenetic sequence in this case is quite 
difficult. The chert (white) is probably a 
replacement of limestone. The dolomite 
(brownish rhombs) was either an early 
replacement of the limestone not replaced 
by the chert, or the dolomite was formed 
as a late diagenetic replacement of the 
chert. Such ambiguities are commonly not 
resolvable in single clasts or samples. 


0.27 mm 


Cretaceous Schisti Galestrini * 
Italy 


Chert replacement of dolomite. The photo 
shows a well-developed rhombic fabric 
with some internal zonation. The fabric is 
clearly that of dolomite replacement of 
limestone; the entire rock is, however, 
composed of chert. Only through petro- 
graphic analysis could one establish that 
this rock has progressed from a limestone 
to a dolomite, and, finally, to a chert. 


0.08 mm 


Cretaceous Schisti Galestrini * 


italy 


Same view as previous photo but with 
crossed polarizers. Under cross-polarized 
light one can see that the rock consists of 
chert and megaquartz. Some zones of dolo- 
mite are still preserved, as in the large 
rhomb in the upper right. Clays are a 
significant component in some areas such 
as along the bottom edge of the photo. 


XN 0.08 mm 


he 


Silurian Tonoloway-Keyser Ls. 
Pennsylvania 


Chalcedonic quartz replacement of a Cal- 
citic fossil. The grain being replaced Is a 
crinoid columnal with small syntaxial 
overgrowths at both ends of the long axis. 
Chalcedony has selectively replaced the 
central portion of this fossil. Selectivity in 
replacement is a very common phenome- 
non with individual fossi! types, composi- 
tional zones, or other features being 
preferentially altered. 


XN 0.15 mm 


Upper Jurassic Morrison Fm., 
Salt Wash Mbr. 
Colorado 


Although quartz is a very stable mineral, 
it too is subject to replacement by other 
minerals under certain conditions. Here, 
detrital quartz is partially replaced by a 
uranium-bearing mineral (uraninite or 
coffinite) which consists of radiating 
bundles of opaque, bladed crystals. Brown 
interstitial material between detrital grains 
is clay. 


0.06 mm 


Pennsylvanian Strawn Gp. “Gray Ss.” 
Texas 1,492 m (4,896 ft) 


Vermicular kaolinite within a detrital clay 
clast. Although this may appear to be a 
direct replacement of one clay mineral by 
another, it is more likely (because of the 
well-developed vermicular texture and 
inter-crystalline porosity) that the kaolinite 
ig an authigenic filling of a secondary pore 
created by partial leaching of the original 
clay clast. Photo by S. P. Dutton. 


0.09 mm 


Deformation 
Fabrics 


Cambrian Conococheague Fm. 
Virginia 


Fracturing in a dolomitic chert. Matrix is 
a dark chert (probably a replacement of 
limestone) which has been partly dolomi- 
tized. In this case, fracturing clearly post- 
dates dolomitization as evidenced by the 
displacement of the two halves of the 
dolomite crystal. The fracture has been 
filled with equant megaquartz. The exis- 
tence and relative timing of fractures 
commonly can be determined petro- 
graphically. 


XN 0.08 mm 


Jurassic-Cretaceous shale 
Alaska 


A fractured limestone in which the fracture 
has been filled with unusual, elongate 
calcite spar crystals mixed with authigenic 
quartz (gray). Such fractures generally 
form rather late in the diagenetic history of 
sediments for fracturing implies a con- 
siderable measure of prior lithification. 


XN 0.30 mm 


Eocene Crescent Fm. * 
Washington 


Calcite-filled fractures in a dark shale. 
These fractures may have formed at an 
intermediate stage in the diagenetic history 
of this rock for subsequent compaction has 
led to shearing of the veins and intense 
twinning of the calcite crystals. 


XN 0.10 mm 


Devonian Cairn Fm. * 
Canada {Alberta} 


A quartz-filled fracture in limestone. The 
quartz shows a typical void filling mor- 
phology with equant crystals increasing in 
size from the fracture walls to the center of 
the void. This indicates that fracture 
porosity once was present in this sample. 


XN 0.07 mm 


Lower Cambrian St. Roch Fim. 
Canada (Quebec) 


Quartz-filled veins in a tightly cemented 
sandstone. The intersecting fractures are 
filled with coarse, elongate crystals of 
megaquartz which entirely span the width 
of the vein. The quartz crystals are rich in 
bubble inclusions, a common feature in 
hydrothermal veins. 


XN 0.27 mm 


Oligocene Tongriano Cg}. 
italy 


A fracture filled with megaquartz and cal- 
cite. Quartz lines the fracture walls or com- 
pletely fills parts of the vein. Calcite has 
apparently grown after the quartz or 
during late stages of quartz precipitation 
and fills remnant void space. The intense 
twinning of the calcite crystals indicates 
that vein filling preceeded the complete 
termination of deformation. 


XN 0.27 mm 


Cambrian Sillery Group 
Canada (Quebec) 


Individual detrital grains can also show 
evidence of structural deformation and 
compaction. This example illustrates rela- 
tively soft shale clasts which were com- 
pacted during burial, and which flowed 
around adjacent quartz grains. Such com- 
paction fabrics are common in rocks rich 
in clay or shale clasts, in part because of 
the softness of such grains, but also 
because the detrital clays may inhibit 
overgrowth cementation. 


0.27 mm 


Cambrian(?} Unicoi Fm. 
Virginia 


An extreme example of the deformation of 
detrital shale clasts. Clasts here have flowed 
between adjacent harder fragments (mainly 
quartz) and, in places, virtually simulate a 
dispersed clay matrix. Compaction of 
ductile grains can be an important factor 
in porosity loss in sandstones, especially 
those with abundant glauconite grains or 
shale clasts. 


XN 0.10 mm 


Pennsylvanian-Permian Sangre 
de Cristo Fm, * 
New Mexico 


Individual detrital minerals which are 
especially flexible or brittle may also act as 
sensitive indicators of deformation. In this 
example, micas (muscovite) have been bent 
and fractured by adjacent, harder grains. 
Some mutual interpenetration of quartz 
and feldspar grains is also evident. Such 
compactional or deformational alteration 
can significantly reduce porosity without 
cementation. 


XN 0.15 mm 


Upper Cretaceous Monte Antola Fm. 
Italy 


Grain deformation in a sandy limestone. 
The muscovite flake in the center was 
deformed during compaction of relatively 
uncemented material. This is one of several 
lines of evidence indicating that this 
material was not cemented until relatively 
late in its diagenetic history. In such cases 
compaction may account for most of the 
overall porosity reduction. 


XN 0.15 mm 


Upper Cretaceous Monte Antola Fm. 
Italy 


Compactional deformation of glauconite. 
Because glauconite pellets are quite soft, 
they are especially susceptible to compac- 
tion. Here, calcite grains (replaced circular 
sections of sponge spicules) deeply embay 
the glauconite. 


0.06 mm 


Lower Cretaceous sandstone 
Canada (N.W.T.) 2,977 m (9,833 ft) 


Compaction of eogenetic siderite nodules 
and pellets. Deformation of the siderite 
grains preceeded the establishment of a 
stable cement framework and extensively 
reduced porosity by flowing around 
adjacent quartz grains. Subsequent forma- 
tion of thin quartz overgrowths and exten- 
sive poikilotopic calcite cement (stained 
red) completed porosity obliteration. 
Photo by V. Schmidt, 


0.22 mm 


Upper Triassic New Haven Arkose 
Connecticut 


Brittle grains, especially those with well 
developed fracture or cleavage directions, 
are likely to show deformation effects 
readily. In this example, a plagioclase 
feldspar has been fractured parallel with 
its twin planes through compaction. 
Adjacent quartz grains have been forced 
into the plagioclase along one margin. 


XN 0.15 mm 


Cambrian Hickory Ss. Mbr. 
of Riley Fm. * 
Texas 


In zones of intense deformation, such as 
along fault traces, even minerals such as 
quartz may be deformed or fractured. 
Here, two adjacent quartz grains have 
developed a series of fractures which 
radiate out from the original point of 
contact between the grains. 


XN 0.10 mm 


Cambrian Hickory Ss. Mbr. 
of Riley Fm. 
Texas 


This example, from the same rock as the 
previous photo, shows the widespread 
fracturing of quartz grains in this sample. 
The deformation and fracturing of these 
grains is clearly post-depositional as evi- 
denced by the continuity of fracturing 
from one grain to the next, the abundance 
of fractured grains, and the fact that such 
intensely fractured grains would not have 
survived transport. 


XN 0.27 mm 


Upper Cambrian Gatesburg Fm. 
Pennsylvania 


A calcitic ocid which has been subjected 
to intense compactional deformation. Note 
shearing of concentric oolitic coatings 
from the nucleus of the ooid. Such defor- 
mation indicates that the rock was not 
firmly cemented until rather late in its 
diagenetic history. 


GP 0.30 mm 


Lower Cretaceous Patula Arkose 
Mexico 


A detrital quartz grain with warped, sub- 
parallel lines of very small bubble inclu- 
sions. These have been called Boehm lamel- 
lae and are the product of intense strain in 
quartz. When found in a majority of the 
quartz grains in a rock, they can be impor- 
tant evidence of /n situ deformation. 


XN 0.10 mm 


Devonian Oriskany Ss. 
Virginia 


A probable grain-compaction and pressure- 
solution texture. Quartz grains are well 
rounded, show no euhedral overgrowths, 
and are coated with thin clay films. Most 
grains have irregular line contacts with 
adjacent minerals rather than the usual 
point-to-point contacts found in unde- 
formed sediments. Many of the quartz 
grains also have strain shadows and Boehm 
lamellae. Thus, it is likely that this sample 
underwent significant deformation, 


XN 0.15 mm 


Lower Devonian Becraft Ls. 
New York 


Intergranular pressure solution is most 
common in limestones. In this example, a 
large brachiopod shell (upper part of 
photo) and numerous syntaxially cemented 
echinoderm fragments have mutually dis- 
solved and _ interpenetrated each other 
along a high amplitude stylolite surface. 
Relatively tittle insoluble material has been 
concentrated along the stylolite. 


0.38 mm 


Jurassic Morrison Fm., Sait Wash Mbr. 
Colorado 


A stylolitic solution surface in a sandstone. 
The dark zone which passes through the 
center of the photo is the stylolite interval 
in which insoluble material, such as clays 
or organic matter, has been concentrated. 
Note truncation of rounded quartz grains 
along stylalite. Such stylolites may provide 
a source of silica for subsurface quartz 
cementation. 


0.27 mm 


BPN es 
a 
Mes 


Lower Ordovician Phycoden Schichten ee na oe 
Germany ; 


Solution seams (low amplitude stylolites) 
in a siltstone. In this case, solution seams 
are most common adjacent to (or between) 
cemented burrows filled with coarser 
material (lighter colored areas at top and 
bottom of photo). Compactional drape and 
pressure solution took place most effec- 
tively around such harder zones. Note 
multiple seams of concentrated insoluble 
residue, 


0.22 mm 
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Porosity Classification 
(definitions, criteria) 


Sandstone Porsaiiy Clandimation 
{modified fram Scheidt, MicDomald. aad Platt, 1977 and 
Chaequctte aod Pray, 1970) 


PRIMARY 
[nterpartice—very Common, 
Intrapartice—rare, but posible within rock fragments, fossils, and other detrital gram. 
Iniercrystal—iare? Remnant primary porosey cen be significant within clay cements 


SECONDARY 
Dissolution of detrital grains—common, especially removal of feMspart, corbemate rock fragiiente of fools, of 
detrital walphates 


Desolution of gothgemic cemenis—very common removal of calkewe, dodomite, and sderite; significant removal of 
#y peune end ior dnhydrise, 


Oseolution of authigesic replacement minesals—common removal of carbonate or sulphate minerals. 
Shriskage—mmnor; can be signdicanl im glaucandlic Sediments 
Fractumag—manor excepé bocally. 


eee ee ee 


Time of formation of diagenetic features 
(after Choquette and Pray, 1970) 


Fogemehic—occurting during the time isterval between final depodtion aad Sugial of the newly deposited eedioment 
ar rock helow the depth of significant influence by processes thal either aperate from the aarface or depend for 
heir effectiveness on prozimdty bo the surface. 


Mesopenelic—occurrime duzing the time interval in which rocks or fedunents ae Gured af depih brow the enajor 
influence of processes directly operating [rom or closely related to the surface. 


Telogemetic—occurriag duning the dime interval during which long buried sediments or rocks are influenced sagnift 
eantly by processes asetited with the formation of an weconformity. 


— = — = — = == ——— 


Ceenetie: pace icra 
(etter Choquette and Pray, 1970} 
Preserved 
Enlarged 
Reduced 
Filed 


Petrographic criteria for secondary porosity. 
(from: Schmidt, McDonald, and Platt, 1977) 


(1) Partial (5) Elongate 
dissolution pores 
(2) Molds (6) Corroded | 
grains 
(3) 
inhomogeneity | 
of packing 


(4) Oversized 
pores and 
“floating grains 


grains grains 


se alee Feldsper | |porosity 


Ft 


Upper Cretaceous Upper Logan Canyon Ss. 
Canada (Scotian Shelf) 1,548 m (5,080 ft) 


Porosity types in sandstones can be well 
classified using the scheme of Schmidt, 
McDonald, and Platt (1977) shown on the 
preceeding pages, coupled with modifiers 
used by Choquette and Pray (1970). This 
sample shows high preserved primary 
interparticle porosity (blue stain). Detrital 
grains are mainly quartz. Photo by D. A. 
McDonald. 


0.20 mm 


Upper Cretaceous Kogosukruk Tongue of 


Prince Creek Formation * 
Alaska 


Partial cementational loss of porosity— 
reduced interparticle porosity. Cementa- 
tion has been accomplished mainly by 
quartz and feldspar overgrowth formation. 


0.15 mm 


Lower Cretaceous sandstone 
Canada 


Complete destruction of primary porosity 
by cementation—filled interparticle porosi- 
ty. Cementation is primarily by quartz 
overgrowth, easily detected in this case 
because of the clear “dust rims’’ between 
detrital grain cores and the authigenic 
overgrowths. Photo by V. Schmidt. 


PXN 0.20 mm 


Triassic Dockum Gp. 
Texas 


Largely filled interparticle porosity with 
extensive remnant intercrystal porosity. 
Cementation is primarily by kaolinite and, 
although overall permeability is greatly 
reduced, significant porosity {shown in 
blue) remains between kaolinite “worms.” 
The use of deeply stained impregnating 
media is essential when studying porosity, 
especially for the recognition of inter- 
crystalline porosity and to distinguish grain 
plucking during section grinding from 
original porosity. 


0.05 mm 


Oligocene Frio Fm. 
Texas 4,825 m (15,829 ft) 


Complex porosity in a sandstone. Reduced 
primary interparticle and intercrystalline 
porosity as well as fabric selective dissolu- 
tion porosity (secondary removal of 
detrital grains) are all present. The secon- 
dary porosity has resulted from incipient 
stages of dissolution of plagioclase feldspar. 
Note quartz overgrowth cementation. 
Photo by R. G. Loucks, 


0.10 mm 


Triassic Dockum Gp. 
Texas 


Partial dissolution of detrital grains has 
yielded leached (secondary) porosity. Com- 
paction and cementation have virtually 
completely obliterated primary porosity 
but significant amounts of secondary 
porosity have been generated by the 
dissolution of feldspars and, possibly, 
other unstable minerals. Such secondary 
porosity zones must be interconnected by 
other porosity types (or be extremely 
abundant) to act as “effective” pore space. 


0.10 mm 


Miocene‘Hayner Ranch Fm.’ 
New Mexico 


Dissolution porosity seen in SEM. Secon- 
dary leaching of plagioclase feldspars, 
calcitic replacements of former feldspars, 
calcite cements, unstable detrital heavy 
minerals, evaporites, and other minerals is 
a common feature in sandstones. Note 
crystallographic control of dissolution in 
this example. Photo by C. W. Keighin, 
courtesy of T. R. Walker. 


SEM 10 um 


Oligocene Frio Fm. * 
Texas 4,837 m (15,870 ft) 


An incompletely leached plagioclase feld- 
spar with authigenic feldspar overgrowths 
partially filling the secondary pore space 
produced by leaching. Quartz overgrowths 
have partially filled primary intergranular 
pore space. Such complex porosity patterns 
can be deciphered only through petro- 
graphic studies. Photo by R. G. Loucks. 


0.11 mm 


Upper Cretaceous Frontier Fm. 
Wyoming ca. 610 m (2,000 ft) 


A partially leached plagioclase feldspar 
with subsequently formed authigenic feld- 
spar overgrowths. Complex porosity 
development and reduction histories can be 
unravelled using the SEM in combination 
with standard petrographic studies. Photo 
by E. D. Pittman. 


SEM 20 um 


Oligocene Frio Fm. 
Texas 920 m (3,017 ft) 


Leaching of feldspars (plagioclase) from a 
volcanic rock fragment. Subsurface dissolu- 
tion of unstable grains can commonly be 
quite selective. In some cases, individual 
compositional zones are removed from 
feldspars or individual feldspar types are 
removed from complex rock fragments. 


0.07 mm 


Oligocene Frio Fm. * 
Texas 3,069 m (10,068 ft) 


Abundant secondary porosity coupled with 
partially preserved primary porosity. The 
feaching of grains is recognizable, in this 
example, through the presence of molds 
of former particles, outlined by rims of 
clay and siderite. The pores left behind 
through dissolution of large rock fragments 
are also, in this case, larger than the 
“normal” primary pores. Recognition of 
“oversize” pores is important in the 
identification of secondary porosity. Photo 
by R. G, Loucks. 


0.17 mm 


Upper Cretaceous Teapot Sandstone 
Mbr., Mesaverde Fm. 
Wyoming ca. 2,088 m (6,850 ft) 


Slightly oversize pores and barely visible 
clay rims passing through pores are indica- 
tive of dissolution of unstable grains in 
this sample. The use of stained plastic or 
epoxy, introduced inte the sample before 
it is cut or polished, is essential in order to 
differentiate true secondary porosity from 
grain removal during thin-section prepara- 
tion. 


0.10 mm 


Upper Cretaceous Teapot Sandstone 
Mbr., Mesaverde Fm. * 


Wyoming ca. 2,088 m (6,850 ft) 


A large secondary pore (filled with blue 
plastic) produced by the selective leaching 
of several detrital grains. The secondary 
porosity is recognizable because of the 
presence of relict clay films which outline 
or cast former grains and because of the 
clearly ‘‘oversize” nature of the pores. 


0.27 mm 


Upper Cretaceous Tuscaloosa Fm. * 
Louisiana 6,230 m (20,439 ft) 


A sample artificially etched for about 20 
seconds in dilute hydrochloric acid. Re- 
moval of a detrital carbonate(?) fragment 
has left a thin, but apparently resistant, 
shell of authigenic chlorite cement. Such 
shells are sufficiently durable to survive 
diagenetic dissolution of core grains under 
subsurface conditions as seen in previous 
example. 


SEM 40 um 


Upper Permian Bell Canyon Fm. 
Texas 1,390 m (4,560 ft) 


Corrosion or honeycombing of grains. In 
this example the feldspar grain in center 
has been partially leached along preferred 
crystallographic lines. The amount of 
remnant secondary porosity is small 
however, because of later overgrowth 
cementation on the feldspar. The recogni- 
tion of such reduced secondary porosity is 
important in many reservoir rocks. Photo 
by C. R. Williamson. 


SEM 10 um 


Miocene‘Hayner Ranch Fm.’ 
New Mexico 


Although feldspars, carbonates, and evapo- 
rites are the most commonly leached min- 
erals in sandstones, heavy minerals com- 
monly are also affected. In this example, a 
detrital hornblende (center of photo) 
shows corroded margins with extremely 
thin terminations which clearly could not 
have survived transport. White area be- 
tween greenish hornblende and red-brown 
authigenic hematite is pore space of 
secondary origin. Photo by T. R. Walker. 


0.63 mm 


Miocene*Hayner Ranch Fm.’ 
New Mexico 


SEM view of corroded, detrital hornblende 
from a sandstone. This detailed view of a 
grain similar to that shown in previous 
photo illustrates the very delicate etch 
features which can be developed during 
subsurface dissolution. The secondary 
porosity produced by such leaching be- 
comes important for reservoir rocks only 
when it is interconnected by fractures, 
primary porosity, or elongate leached 
voids. Photo by T. R. Walker. 


SEM 40 um 


Upper Cretaceous Upper Logan 
Canyon Fm. 
Canada (Scotian Shelf) 1,619 m (5,311 ft) 


Secondary porosity produced by shrinkage 
of glauconite grains. Pore space shown in 
blue; glauconite is olive-green; quartz is 
white; small siderite crystals are brown. 
Shrinkage voids form through dehydration 
and/or recrystallization of minerals such as 
glauconite or hematite. Secondary porosity 
is preserved only where a_ sufficiently 
strong framework of cement exists to 
prevent compaction. Photo by D. A. 
McDonald. 
0.27 mm 


Upper Cretaceous Price River Fm. 
Utah 


Leaching of cements is an important factor 
in development of secondary porosity. In 
this example, calcite cement (stained red) 
has been partially dissolved under subsur- 
face conditions. Note elongate porosity 
(blue) and slightly rounded margins of 
remnant calcite crystals. Subsurface leach- 
ing of carbonate minerals may result from 
meteoric flushing, biogenic CO9 formation 
or maturation of organic matter in deeper 
subsurface environments. 


0.06 mm 


Lower Cretaceous sandstone 
Canada (N.W.T.) 3,024 m (9,920 ft) 


Another example of partial dissolution of 
calcite cement (stained red). Note preserva- 
tion of corroded remnants of once appar- 
ently complete pore filling cement—this is 
an excellent criterion for the recognition 
of secondary porosity development. Quartz 
overgrowth cement preceeded calcite 
formation in this example, and was unaf- 
fected by the leaching of the calcite. Photo 
by V. Schmidt. 


0.10 mm 


Upper Cretaceous Teapot Sandstone 
Mbr. of Mesaverde Fm. 
Wyoming ca. 2,088 m (6,850 ft) 


Leaching of carbonate cements can be 
quite patchy, as in this example, Calcite 
cement and detrital feldspars have been 
dissolved only in certain areas and are 
well preserved in other spots. Decementa- 
tion patterns are commonly controlled by 
microfracture distribution or other fabric 
elements. 


0.27 mm 


Jurassic sandstone (Statfjord field) 
Norwegian North Sea 2,520 m (8,267 ft) 


An extreme example of secondary porosity 
development. Nearly complete mesogenetic 
dissolution of sedimentary and eogenetic 
carbonate minerals created 40 percent 
porosity (by volume, based on core analy- 
sis), Such massive creation of secondary 
pore space in a rock which once was tightly 
cemented can have a major impact on 
reservoir distributions and properties. 
Photo by V. Schmidt. 


0.27 mm 


Cambrian Old Fort Island Ss. 
Canada (N.W.T.) 


Elongate secondary porosity. The elongate 
pores have resulted from relatively early- 
diagenetic marginal replacement of quartz 
grains by carbonate minerals. Subsequent 
dissolution of the carbonate minerals has 
left narrow but highly interconnected pore 
space which is a relatively rare but diagnos- 
tic characteristic of secondary leaching. 
Photo by D. A. McDonald. 


0.10 mm 


Upper Cretaceous Teapot Sandstone 
Mbr., Mesaverde Fm. 
Wyoming ca. 2,088 m (6,850 ft) 


Microfracture porosity in a sandstone. 
Microfractures can be very effective in 
improving effective permeability of ‘‘tight”’ 
sandstones. It is difficult to prove petro- 
graphically whether fractures are original 
or were produced during coring or sample 
processing. Presence of oil stain on fracture 
walls or incipient cementation along frac- 
ture can be used as evidence of ‘original’ 
fracturing. 


0.10 mm 


Upper Cretaceous Star Point Ss. * 
Utah 


Fracture porosity in a sandstone. The large, 
unfilled fracture (shown in blue) which 
transects sample provides a significant 
percentage of the total porosity in this 
sample and improves overall permeability 
as well. Oil staining along fracture indicates 
that fracture predated drilling and shows 
its importance to oil migration and produc- 
tion. Note small amounts of preserved 
primary intergranular porosity. 


0.10 mm 


Permian sandstone 
Texas 


Filled secondary (fracture) porosity. The 
fracture in this example has been com- 
pletely healed by growth of calcite cement. 
The relative timing of fracturing, oil migra- 
tion, and cementation can be of critical 
importance in reservoir geology. 


XN 0.10 mm 


Lower Cretaceous sandstone 
Canada (N.W.T.) 


Fracture porosity can be created within 
individual grains. Here, a feldspar (photo 
center) has been fractured after partial 
leaching of carbonate cement and replace- 
ment crystals from the sample. Subsurface 
removal of cements commonly leads to 
fracturing of grains as the stabilizing and 
supporting material is removed and grain 
contacts begin to support a greater portion 
of the overburden stress. Photo by V. 
Schmidt. 


0.25 mm 


Significant information on porosity types can be obtained 
using scanning electron microscopy (SEM). Perhaps even more 
important, is that the SEM provides the ability to look at very 
small-scale textural relationships, pore-throat configurations, 
and other factors which affect sandstone permeability. 

This series of photos illustrates the petrophysical-petro- 
graphic data obtainable with SEM. The sample in photos A 
and B is a high-porosity (21.2%), low-permeability (7.7 md) 
sandstone with abundant pore-lining chlorite. The sample in 


photos C and D is a high-porosity (26.3%), high-permeability 
(88.0 md) sandstone with some quartz overgrowth cement and 
only small amounts of authigenic chlorite. Thus, differences 
in permeability in sandstones with similar porosities can be 
related to differences in style and composition of cements. 

All photos are from Permian Bell Canyon Formation, 
Texas; photos by C. R. Williamson. Scale is 110 wm for A 
and C; 11 um for B and D. 
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Techniques 


Althgigh Plregmphy ii an axtremaly valuable pool ter the 
idantitication of minerals and their textural interrelations, it 
ls beat ued (in many casog) in conjunction with other tech 
PIKES, 

Precise mineral determemation commonly is aed by 
Haining of tha section of rock slabs, by A-rey diffraction 
analysis, oF by microorobe examamation. Minerals present in 
emall armounts may best be analyzed after separation and 
concentration using heavy liquids, shaker tales, or other 
bechiniques: Likrats, noncarbarate mingrals in o carbonate 
Hot rock gee marmgily berler anahyred im Semd-areeluble pes 
dig¢ than in thin section, Whee doteiled unde yaading o 
ine trace @lenient cheneiry of the sediments is essential, 
Kay [nora mictaurdbe, atarnic ébaorpison, o¢ cath 
Aouminescence techniques may be applicable. 

Cenmoenly, sediments aré too fine-grained for adequate 
ewaminatian with the light micrescope. Tha practical limit of 
resoeugianm of the best (ight Mitre. if in the ane fo Teo 
michemeter (um) range, Many detrital and authiqenu: grains 
buch a cays, micritic Ca Oo iaes, OF Or eee ae Fall wichin 
or Dolo thay gize range, Furthermore, eae Gt wandered 
thin sectinG are about 30 jam Thitk. 6 newearchar examina, 
10 to 20 of these senall grains vlacked on Log of one another, 
With ooviows low of reoition. Seer mounts or rain raat. 
hides with individual, disaggregated grain: snesred of settied 
Bur ome the slike. surtacel are ar eid in emeninineg ariel! 
gtaing where the material can be didaggreqated into mdividual 
components, IA most cases however, scanning ard transittission 
Bleciion Meroscapy are growed ta be the east effect tech: 
neques for tie detailed examination of fine-grained sediments 

Only o few of the most useft and petrographdcally oriented 
techraques will be discussed in this chaprer. However, bibliog 
raphie: at tha ends of chapters throughout the book flit 
references To TechnWqwies are aplicacions relevant fo secitic 
minotih or dlegnete fostures, The bibliogaphy at the end 


oF this chapter provides addrtinnal referenoys on geraral are 
cpecifin analytical prociduras. Although many of tha bech- 
Pee Maat] Leer: hei ed 210 22 perdive equVpeent ohers, 
fine ao Shbinong. Boetete pests. insoluble residues, and gain 
separations can be gertorned in any tsborstory. Searnning 
Hlecbran Microscopes are mow Widespreac in this country amd 
virtually anyorme® can get access to one throwgh a nearby 
Lnivnrgity or company 

Because of the potertial desirability of thew techniques. it 
PHT rh useful te Sper hoekyeienied Bue geclies 
wihhout cowerdips, These section: can be exariined under a 
lage microscope enhet by placing a drog of weter and a 
coverslip an the sarap during viewing, or Oy using glycerine, 
mineral of, or redractive index ods with [or without! coverslips. 
Thee methods may inwolve some boss of resolution, but da 
alow the cleansng and orying of the surface of the tection and 
subsequent staining, catodoluminescence, or microprobe 
examination. Uncovered thin stctiors ake ean bo ground 
thinner than normal in cases where examination of wery fire 
gened sediments & nerfed. Finally, impregnation of sand 
stone waenples with @ darkly cotored epoxy before thin section 
Preparation will greatly facilitaia ihe ideniifeatan of the 
amounts and types of porceity present in the sample 

Claarly, one can spend a lifetime enalyzing a single samala 
iting all possible techniques. Efficient study requires a 
thorough understanding of all ihe available tons and proper 
apolication of che mast ugeful and peaductive of thas, 


Staining 


Staining techniques are among the fastest, 
simplest, and cheapest methods for getting 
reliable data on composition of detrital 
grains or cements in sandstones. Stains for 
calcite, organic matter, K-feldspar, and 
plagioclase are among the most useful stains. 

The top photo shows a sandstone (Penn- 
sylvanian Tensleep of Wyoming; 0.10 mm) 
which has been stained for calcite using 
Alizarin Red S. Calcite and dolomite are 
both present as cements but only the calcite 
has taken the red stain. Note imperfections 
in staining of calcite near thin edges of 
crystals and where bubbles were present. 
Because of the similarity in optical properties 
of calcite and dolomite, such staining is 
essential for accurate identification of these 
minerals. 

The lower photo shows a_ K-feldspar 
(sanidine) from a Tertiary intrusive in Nevada 
(0.28 mm). This originally colorless grain 
was stained for potassium using a sodium 
cobaltinitrite solution. The lack of twinning 
and cleavage in this grain make it difficult 
to differentiate from quartz without time- 
consuming optical study. Staining, however, 
provides a rapid and reliable alternative for 
routine petrographic studies. 

Directions for stain preparation are given 
in the references by Bailey and Stevens 
(1960), Laniz, et al (1964), Dickson (1966), 
Friedman (1971), and Whitlatch and John- 
son (1974). 


Cathodo- 
luminescence 


Cathodoluminescence can be an invalu- 
able tool in petrographic studies. It provides 
information on the spatial distribution of 
trace elements in terrigenous clastic (as well 
as carbonate) grains and cements. Analysis 
can be done using polished rock chips, 
polished thin sections, or even unpolished 
and uncovered thin sections. The equipment 
requires costs about the same as a moderate- 
ly priced polarizing microscope and can be 
installed on virtually any microscope. 

This example shows a sandstone from the 
Devonian Hoing Sandstone Member of the 
Cedar Valley limestone in Illinois. The upper 
photo, taken with transmitted light, shows a 
quartz arenite with elongate, sutured inter- 
granular boundaries which might be con- 
sidered as indicative of compaction and 
pressure solution. The lower photo, taken 
with cathodoluminescence, shows the same 
field of view with dramatically different 
results. The detrital grain cores, which 
luminesce orange and blue, can be seen to be 
well rounded, and touch each other only at 
point contacts. Subsequent quartz over- 
growths (generally nonluminescent with 
some luminescent zones) have obliterated 
most porosity and give the appearance of a 
compacted fabric when cathodoluminescence 
is not used. The differences in luminescence 
between detrital grain cores and authigenic 
overgrowths is a function of subtle differ- 
ences in their trace element composition. 

These differences are accentuated by 
long-exposure-time photography of small 
areas because of the inherent weakness of 
the luminescence. Photos by R. F. Sippel. 


Fluid Inclusion 
Studies 


Fluid inclusions can be found in virtually 
all crystals. They range in size from less than 
1 um to a few centimeters, although inclu- 
sions larger than 1 mm are uncommon. Most 
contain a solution which represents a sample 
of the original waters from which the crystal 
formed, plus a gas or solid phase which may 
have separated during cooling. 

Careful petrographic study (commonly 
using heating or freezing stages) can deter- 
mine the composition and original tempera- 
ture of the fluids involved in crystal forma- 
tion. This can provide useful information on 
the timing and conditions of cementation or 
mineralization, although care must be taken 
to determine the exact time relations of the 
fluid inclusions and the host mineral. 

The top photo shows two phase (fluid 
and liquid) inclusions from the fluorite-zinc 
district of Illinois (0.40 mm). 

The middle photo illustrates a three 
phase (solid, liquid, and gas) inclusion in a 
quartz geode from lowa (10 um). 

The bottom photo shows a two phase 
immiscible mixture of oil and water within a 
fluorite crystal from the same locality as 
the top photo. The colorless fluid is a strong 
brine; yellow fluid is oil; gas bubbles are 
methane associated with oil. All photos by 
Edwin Roedder. 


Scanning 
Electron 
Microscopy 


Scanning electron microscopy provides 
two major advantages over light microscopy: 
an extreme depth of focus and a wide range 
of magnification. The top photo, from the 
Miocene ‘Hayner Ranch Formation’ of New 
Mexico (30 ym), illustrates the remarkable 
depth of focus of the SEM. Clinoptilolite 
crystals here fill pore space in a sandstone. 

The middle photo, from the Permian 
Rotliegendes Sandstone of the North Sea (7 
um), shows the excellent resolution of 
extremely small wispy terminations on 
authigenic illite cements. 

The bottom photo, also from the Rotlie- 
gendes Sandstone, illustrates a specialized 
technique—pore casting. The rock was 
pressure-impregnated with epoxy and the 
component grains were leached out sub- 
sequently with hydrofluoric acid. This 
leaves a three-dimensional network of epoxy 
which shows the geometry of the pore 
system, including small but interconnected 
pores not normally seen in thin section. 

Top photo by C. W. Keighin (courtesy of 
T. R. Walker); lower photos by E. D. 
Pittman. 


Energy Dispersive 
Analysis 


Scanning electron microscopy is useful 
not only for examining sediment textures, 
but, when equipped with an energy disper- 
sive analyser, it can be used effectively for 
mineral identification and semi-quantitative 
chemical analysis. The analyses are rapid 
(seconds) and require relatively little sample 
preparation. In most cases, small chips of 
the sample can be mounted on a small 
plug with no polishing or cutting required. 
The sample is then coated with a gold- 
palladium alloy (or other conductive metal) 
and is inserted into the SEM. 

Here, a potassium feldspar from the 
Cretaceous Frontier Formation of Wyoming 
is shown with an accompanying analytical 
spectrum. Although the grain might be 
identifiable as a feldspar on the basis of its 
crystal shape, cleavage, and other features 
alone, the energy dispersive analysis provides 
additional chemical data which allows posi- 
tive identification. 

The analytical trace (lower photo) shows 
major peaks for Si and K (the main K peak 
has the long, pale blue line over it) with 
only very minor peaks for other elements. 
This indicates a rather pure K-feldspar 
composition. 

Although energy dispersive analysis on 
the SEM provides an excellent tool for 
mineral identification, it is not ideally suited 
for quantitative analytical work. Detailed 
determination of mineral composition or 
analysis of trace element contents of small 
crystals is best done using polished samples 
on an electron microprobe. 


Electron Microprobe Analysis 


B=Ti,Th,Nb,la,Ca,Fe,U oxide 


The electron microprobe, used in the sample current-image 
mode, is useful for study of textural relations of minerals. 
Contrast in the images produced is due to high-versus-low 
atomic number. On an electron microprobe equipped with a 
multichannel analyzer/energy dispersive detector system, 
mineral grains can be chemically characterized in a few 
seconds according to their spectra of elements. 

The four figures are electron microprobe sample current 
image photographs of granite in which the heavy minerals 
magnetite (mt), ilmenorutile (i), zircon (z), monazite (m), 


thorite (t), and fluocerite (fc) are surrounded by quartz and 
potassium feldspar (black). 

Microprobe sample preparation (polished sections) is rela- 
tively time consuming, and analytical work using the micro- 
probe is relatively complex and expensive. However, in many 
cases, microprobe analysis provides the only reliable method 
for obtaining quantitative data on major and minor element 
composition of minerals or accurate identification of extreme- 
ly small grains. Photos by G. A. Desborough. 
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